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There are great demands for simple (less labour intensive) and efficient (fast, 
sensitive and selective) qualitative and quantitative analysis of unknown 
adulterants in food and beverages. As such, this study would develop new 
approaches to facilitate automated sample pre-concentration, enhance the 
analysis speed and widen the scope of the gas chromatography quadrupole 
mass spectrometry (GC-qMS)  
 
In Chapter 1, the advancement of GC-qMS that contribute to high efficiency 
analysis were reviewed. At first, techniques for simplification and/or 
elimination of sample pre-treatments were discussed. Next, the approaches 
used to shorten analysis time and finally the aspects to increase method 
sensitivity, selectivity and analytical scopes were also described 
 
The development and optimization of GC-qMS method with a speed 
controlled large volume injection (scLVI) technique for chemical profiling of 
less volatile congeners (LVCs) in distilled alcoholic beverages (DABs) were 
described in Chapter 2. As low as 3 µL/min of sample introduction rate was 
applied to inject 50 µL of actual sample into the programmed temperature 
vaporizer (PTV) held at 50 oC with solvent venting were defined as the most 
favorable conditions. Satisfactory qualitative and quantitative precisions of the 
method were achieve with low relative standard deviations (RSDs) of 
retention time and peak area respectively. The optimized method demonstrates 
IX 
SUMMARY 
substantially lower detection limits through its efficient and precise “direct in-
liner enrichment” of LVCs from a specific ethanol-water matrix as compared 
to conventional hot splitless injection.  
 
The scLVI GC-qMS method developed in Chapter 2 was then utilized in 
Chapter 3 for chemical profiling of LVCs in brandies. A total of 63 LVCs 
were tentatively identified. Most of these LVCs were found to be closely 
related to the maturation process of distilled wine in toasted oak cask. By 
subjecting the LVCs profiles of brandies to multivariate data analyses, the 
brandies were successfully classified according to their quality grades and 
brands. LVCs responsible for the differentiation of the brandies were revealed 
using the loading plots. The combination of the GC-qMS data and multivariate 
data analysis also proved to be able to discriminate genuine brandies from its 
counterfeits. 
 
In Chapter 4, a fast GC-qMS method for analysis of the hazardous plasticizers 
(phthalate esters) in beverages was developed in response to 2011 Taiwan 
plasticizers food scandal. The fast GC-qMS method utilized a short and 
narrow capillary column and acquired data under simultaneous Scan and SIM 
mode with a high sampling frequency qMS detector. The optimized fast 
method eluted the target analytes three times faster than conventional GC-
qMS method while maintaining excellent chromatographic separation and 
qualitative performance of mass spectra. Excellent linearity, intra and inter-
day precision and method sensitivity were demonstrated in the SIM mode, 
X 
SUMMARY 
thereby proving that the fast method is suitable for the quantitative analysis of 
plasticizers in beverage extract. The use of simultaneous Scan and SIM modes 
also demonstrated that the fast method could detect other chemical analytes. 
Therefore, the newly developed fast GC-qMs is able to reduce the analysis 
time significantly as well as detecting unknown chemicals in beverages.  
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CHAPTER 1 INRODUCTION 
 
1.1 Towards high efficiency gas chromatography quadrupole mass 
spectrometry analysis (GC-qMS)  
 
The development of analytical chemistry has been moving towards reduction 
in sample size, simple and environmental friendly sample preparation, higher 
sensitivity and shorter analysis time. The ultimate aim would be to obtain high 
analysis throughput, aiming for full automation from sample preparation to 
analyte detection at shortest possible analysis time and/or at highest 
sensitivity.[1, 2] Naturally, as a widely used analytical technique, GC-qMS is 
also geared towards the same trend as well. The advancement of GC-qMS that 
contribute to (1) simplify and/or eliminate sample pre-treatments, (2) shorten 
analysis time and (3) increase method sensitivity, selectivity and analytical 
scopes will be described in sections 1.2, 1.3 and 1.4 respectively. 
 
Although GC-qMS instrumentation capabilities (such as sensitivity and 
selectivity) have been improved significantly in recent years, sample pre-
treatment procedures remain as the bottleneck. Several sample introduction 
techniques of gas chromatography (GC) have been reported for having the 
capability to simplify sample preparation procedures. These techniques 
include large volume injection (LVI), on column derivatization, at-line (in-
liner) derivatization techniques, etc. When these techniques are coupled with 
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the front end auto-samplers, unattended sequences of on-line sample 
preparation for GC-qMS analysis could be realized. 
 
On top of that, the main bulk of time spent in analytical measurement is 
allocated in the chromatographic separation time. As a result, it would be 
crucial to shorten the analysis time by fast GC separation process. In section 
1.3, the basic principle and practical approaches of fast GC would be 
elaborated.  
 
To enhance the selectivity and sensitivity of qMS detection for GC, selected 
ion monitoring (SIM) data acquisition mode could be adopted when analysis is 
done on a single quadrupole MS (SQ-MS) system; whereas multiple reaction 
monitoring (MRM) data acquisition mode is used for a triple quadrupole MS 
(TQ-MS) system. Simultaneous Scan/SIM and Scan/MRM can widen the 
analytical scope of SQ-MS and TQ-MS detection respectively. 
 
Table 1.1 summarizes the recent techniques, system components used, the 




Table 1.1 Summary of the techniques, system key components, features and 
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Table 1.1 (continued)    
     
Techniques Key 
component(s) 
Special features Application 
field (analytes) 
Ref 
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Enhance method detection  selectivity, sensitivity and analytical scope 
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LVI: large volume injection, PCSE: partial concurrent solvent-evaporation, 
FCSE: fully concurrent solvent evaporation, THM-DTD: thermally-assisted 
hydrolysis and methylation with direct thermal desorption, SQ-MS: single 
quadrupole mass spectrometer PTV: programmable temperature vaporizer, 
COC: cool-on column injector, S/SL: split/splitless, SIM: selected ion 





1.2 Recent development in simplification and elimination of sample 
preparation 
 
Sample introduction is one of the most important step influencing the method 
sensitivity, accurately, precision and subsequently the resolution of GC 
analysis. Conventionally, there are various sample introduction systems and 
techniques which cater to the different needs of GC analysis. Since the last 
decade, the development of a new multi-functional cold injector further 
enhances the performance, functionalities and application scope of the GC 
injector. Several application examples utilizing GC injectors with appropriate 
injection techniques for eliminating and simplifying sample preparation will 
also be described. 
 
1.2.1 GC Injectors and injection techniques  
 
There are four main types of capillary injectors: direct injector (DI), 
split/splitless (S/SL), cool-on-column (COC) and programmable temperature 
vaporizer (PTV). The DI and the S/SL injector are hot injection isothermal 
systems, while COC and PTV are temperature programmable ports which 
enable both hot and cold injections. Among which, the most widely used 
techniques are split injection, splitless and pulsed splitless injection, direct 
injection, COC injection and large volume injection (LVI) [24]. The GC 
injectors, injection techniques and some sample injection related parameters 
are summarized and tabulated in Appendix 1.1. 
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1.2.2 Recent developments of multi-purpose injector (MPI)  
 
The current focus is to develop a multi-function capillary GC injector. This 
means a single GC injector which can be tasked to function as several kinds of 
sample introduction systems. In some multi-purpose injectors (MPI) 
developed, by simply exchanging an injection port liner, switching to an 
alternate injection mode or changing to another sample introduction system is 
possible [25]. Figure 1.1 shows the typical structure of MPI. Fundamentally, it 
is a conventional PTV, structured with superior specification. 
 
 
Figure 1.1 (A) Schematic diagram of MPI (modified from [25]) and (B) the 
summarized the functionality of MPI. 
 
 
As per conventional PTV, the MPI comes with a split line, septum purge line 
and is equipped with temperature, inlet pressure and split ratio programming 
controls. The core differentiators are its high temperature ramping rate, high 





Table 1.2 Comparison of conventional PTV and MPI [26-29] 
 
Parameter specification Conventional PTV MPI 
Maximum temperature (oC) 450 450 - 600 
Temperature ramp (oC/min) 350 3600 
Inlet liner I.D. (mm) 1 - 2 2 - 4 
 
 
Beside functioning as a PTV with embedded S/SL injector capability, most of 
the commercially available MPIs are also able to serve as a COC injector or 
direct thermal desorption (DTD) unit (application in Table 1.1). With the 
maximum operation temperature up to 600°C, MPI can even serve as a 
pyrolyzer. Application example of MPI as pyrolyzer mode were utilized in 
copolymer characterization, additive analysis [30] and geochemical study [31]. 
 
1.2.3 LVI systems and their applications 
 
The shortcoming of GC for trace analysis is the sample injection volume 
(generally limited to a few microliters) [32]. As such, sample pre-
concentration (additional solvent evaporation step) is required before GC-qMS. 
However, if a much larger sample volume could be injected (e.g. several 
hundred microliters), sample preparation procedure could be simplified, pre-
concentration step could be eliminated. In the recent years, sample preparation 
had been further simplified by LVI coupled with micro-extraction technique 
such as micro-solid phase extraction (µ-SPE) and micro-liquid-liquid 
extraction (µ-LLE). Table 1.3 shows that the same detection limit can be 
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obtained by an in-vial micro-liquid-liquid extraction (µ-LLE) carried out by an 
auto-sampler compare to the conventional LLE techniques [8]. 
 
Table 1.3 Comparison between conventional extraction and micro-extraction 
for trace analysis 
 
    Conventional extraction Micro-extraction 
Water sample:     
  Volume 1000 mL 10 mL 
  Analyte concentration  1 ng/mL 1 ng/mL 
        
Extract:     
  Volume 1 ml 10 ml 
  Analyte concentration 
in extract 
1 µg/mL 1 ng/mL 
        
Injection:     
  Injection volume 1 µL 1000 µL    (250 µL)* 
  Quantity of analyte  1 ng 1 ng           (0.25 ng) 
        
* 250 µL injection is more practical   
 
 
The application of LVI significantly improves the GC method sensitivity in 
trace component analysis particularly for residue hazardous chemicals in food 
safety [33], agriculture produce [34, 35], environmental as well as in 
biological sample analysis [32, 36, 37]. LVI typically refer to injection of 
sample solution with larger than normal sample volume, usually exceeding 5 
µL (Appendix 1.1). PTV-based LVI can analyse by using solvent vent mode 
with packed liner (Tenax-TA), up to 3 mL samples containing 1 - 2 ppb 
organo-phosphorus pesticides with automated multiple injections (12 times) 
using a 250 µL syringe [38].  
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There are several other sample introduction systems (GC injectors/interface) 
which enable the introduction of LVI into GC. Among them, PTV, COC 
injector and switching valve controlled loop-type interface are the most 
commonly used for LVI [1]. Figure 1.2 describes the introduction systems, the 
mechanisms, and the flow of mechanism of LVI. Meanwhile, the typical GC 
systems set up for LVI by these sample introduction systems are illustrated in 







Site for liquid sample vaporization 
Injector ●   
Column △ ● ● 
Site for solvent-analyte separation 
Injector ○   
Column ● ● ● 
Mechanism of analytes enrichment 
Cold trap/packed bed (sorbent) ●   
Solvent trapping ○ ●  
Stationary phase trapping ○ ● ● 
Gas flow during sample injection 
Permanent flow ● ●  
Vapour flow ○ ○ ○ 
Discharge of evaporated solvent 
Split line ●   
Septum purge ○   
Solvent-vapour exit (SVE) ○ ● ● 
 
Figure 1.2 Sample Introduction systems, the mechanisms and the flow of 
mechanism of LVI; ●: typical, ○: possible, △ : with reservations [1, 8, 29, 39]. 





Figure 1.3 Schematic diagram of GC system configuration for LVI using: (A) 
LVI on PTV with SV, (B) PCSE-LVI on OCI/PTV with retention gap and pre-
column (retaining column) and solvent-vapour exit (SVE) [39] and (C) FCSE-
LVI with valve switching loop-type interface and retention gap (RG) and 
solvent-vapour exit (SVE) [1, 40] 
LVI: large volume injection, SV: solvent vent, PCSE: partial concurrent 
solvent evaporation, FCSE: fully concurrent solvent evaporation, PTV: 
programmable temperature vaporizer, COC: cool-on column injector, RG: 
retention gap and PC: pre-column (retaining column) and SVE: solvent-vapor 























































 on OCI/PTV 
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1.2.4 Two-step injection technique for on-column derivatization  
 
For confirmative determination of amphetamine-type stimulants (ATS) by 
GC-qMS, trifluoroacetylation derivatization of these amine–type drugs and 
their metabolites are essential to enhance the sensitivity and selectivity of 
analysis for biological specimen such as blood, urine and hair samples. 
Akihiro et al. developed a two-step auto-injector to realize the automated on-
column derivatization for GC-qMS of such ATS drugs [41]. This system 
shortens derivatization time dramatically from 30 minutes to 10 seconds, 
without the use manual sample preparation. For this set up, the front part of 
analytical column is held at an appropriated temperature and this serves as a 
reaction vessel for the derivatization process. The two-step injector simulates 
the manual introduction of sample extract and derivatization agent at the 
programmable optimum volume and time sequence. 
 
 




Figure 1.4 illustrates the mechanism of on-column trifluoroacethylation using 
the two-step injector on GC-qMS. At first, N-methylbis-trifluoroacetamide 
(MBTFA), a layer of air and sample extract are aspirate into a micro syringe. 
In the second stage, the sample is injected, vaporized and introduced into the 
analytical column, retained at the top part of the analytical column at a proper 
temperature. Thereafter, a few seconds from first injection, MBTFA is 
injected in the third stage. Analytes are then derivatized on-column and the 
derivatives are immediately eluted with elevated column temperature for GC-
qMS analysis. 
 
1.2.5 Thermal assisted hydrolysis and methylation direct thermal 
desorption (THM-DTD) on Programmed temperature vaporizer (PTV) 
 
A fully automated high throughput THM-DTD analysis for fatty acids in 
biological samples could be accomplished by coupling an auto-sampler 
(equipped with liner exchanger and programmable injection sequence 
capabilities) to a GC-qMS fitted with a high end PTV (the MPI as described in 
1.2.2). Other than its advantage of being high throughput, the simplified “at-
line” THM procedures requires less amount of chemical and sample. As 
reported by Akoto et al. 2007, for fatty acids profiling in raw blood/plasma, 
only 2 - 3 µl sample is required compared to the 50 - 100 µL usually needed 




The automated THM and DTD is performed within the PTV equipped with 
flow program capability. A small amount of biological sample (e.g. several µL 
blood/plasma/sputum/bacteria culture) is injected into the PTV sintered-bed 
liner or into a micro-vial housed in PTV liner (Figure 1.5) at low temperature 
(usually 40oC). The PTV is then heated up rapidly to a temperature slightly 
above the boiling point of solvent for several minutes to dry up the solvent 
while retaining the sample in the liner or micro-vial. After cooling down PTV 
to its initial temperature, several tenths of microliters of transesterification 
reagent, typically tetramethylammonium hydroxide (TMAH) or 
trimethylsulfonium hydroxide (TMSH) is injected. Successively, PTV will be 
heated for minutes to remove the solvent as well as incubate the residue 
present in sintered bed or micro-vial. Next, the PTV is rapidly ramped to high 
temperature and held for several minutes in order to perform 
thermochemolysis and thermal desorption of the analytes simultaneously 
transfer into GC-qMS for further analysis. The electronic flow controller of 
PTV optimized the flow programs of split and column flows at appropriate 
rates for solvent vent and analytes transfer. 
 
 
Figure 1.5 Mega bore liner to house micro-vial that where liquid 





In 2009, Kaal et al utilized a PTV to carry out THM-DTD GC-qMS for 
identification of Mycobacterium tuberculosis (MTB) in sputum and 
culture.[42]. Similarly, in 2013, Dang et al. applied THM-DTD GC-qMS and 
Chemometric for identification of biomarkers differentiating MTB and non-
MTB [12]. 
 
1.3 Techniques to shorten analysis time of GC-qMS 
 
At present, it is possible for fast GC-qMS to perform at speed tenfold faster 
than conventional GC-MS analysis. It can be applied to any application with 
no sacrifice in quality by using conventional GC-qMS instrumentation. 
Ultimately, the laboratory running cost would be reduced when less manpower 
(fewer analysts) and instruments are needed for the same number of sample 
runs. As a result, higher revenue could be generated when more samples are 
analysed within a specific time frame. In research field, fast analysis also 
facilitates method development process [2]. 
 
1.3.1 Fast GC separation  
 
The basic principle and theory of fast GC started since the development of 
capillary column in the 1960s [43, 44]. Capillary GC analyses are classified 
into four categories based on: (1) total run time, (2) full width at half-
maximum (FWHM) proposed by Van Deursen et al. [2] and (3) speed 
enhancement factor (SEF) proposed by Dagan and Amirav [2]. Usually, 
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named as “normal, fast, very fast and ultra-fast” GC in the literature 
respectively, the classification parameters details for each category are listed 
in Table 1.4. 
 
 
Table 1.4 Classification of GC analyses [2, 43, 45, 46] 
 
  Type of GC analysis 
  Normal Fast Very fast  Ultra-fast 
Run time (min) >10 1 - 10   0.1 - 1 < 0.1 
FWHM (ms)  1000 - 3000  200 - 1000  30 - 200  5 - 30a 
SEF 0.5 - 5  
(typically 1) 
5 - 30 
 (~ 10) 
30  - 400  
(~ 100) 
400 - 4000 
(~1000) 
Run time (min) >10 1 - 10   0.1 - 1 < 0.1 
Data acquisition  
frequency (Hz)b 
< 2.5 12.5 - 2.5  83 - 12.5  500 - 83 
Column 
  ID (mm) 
 
0.25 - 0.32 
 




 ≤ 0.05 
  length (m) > 25 10 - 20   NA NA 
  δf (µm) 0.25 - 5   0.05 - 0.4    NA NA 
Instrumentation Conventional Conventional Specialized Specialized 
 
FWHM: full width at half-maximum, SEF: speed enhancement factor which 
normalizes separations to a standard 30 m L., 0.25 mm I.D. and δf = 0.25 µm 
film thickness, helium linear velocity at 34 cm/s, 𝐹𝐹𝐹𝐹 = 88 𝜇𝜇�
𝐿𝐿
 , aEffective peak 
width, bFrequency needed to give five points across full peak width (twice of 
FWHM), NA: information not available 
 
 
The primary aim of fast GC analysis is to resolve and elute equivalent 
numbers of peaks from a GC system in a shorter time compared to 
conventional GC analysis. In other words, a much narrower peak shape is 
required for fast GC.As such, peak broadening effect could have adverse 
impact for the progression of fast GC analysis. Instrumentation of GC 
comprises three main temperature control compartments. They are the sample 
introduction unit (GC injector), column oven and the detector.  
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The band broadening of the peak is contributed by the summation of the 
broadening effects that occurred at these three compartment as per Eq. 1.1 [24]. 
Eventually, the band broadening effect will translate into peak broadening. 
 
σt2 = σi2 + σc2 + σd2   ………………………………………….   (1.1) 
 
Where, σt2 is the total variance (total band broadening) and σi2, σc2 and σd2 are 




The injector volume, sample introduction rate, vaporization rate and sample 
cloud transfer speed from inlet into GC are the main contributing factors to the 
peak broadening at GC inlet. Hence, selection of suitable liners, appropriate 
solvent, injection technique and operation temperature of inlet and oven are 
vital to produce a sharp sample band on top of the column. For high 
concentration sample analysis, for example, an essential oil analysis as 
illustrated in Figure 1.6; a low volume injection (0.4 µL) was coupled with 
high speed injection (typically 50 µL/sec) at high split ratio (600:1) to transfer 
rapidly in narrow bands onto the analytical column [43]. In this way, band 




Figure 1.6 Total ion chromatogram (TIC) for bergamot oil by fast GC-qMS. 
Column: Rtx-5, 0.1mm*10m*0.1µm, injector temperature: 300 oC, injection 
volume: 0.4µL (1:10 in hexane), split ratio: 600:1, oven: 40 °C to 250 °C at 
30 °C/min, helium flow at 60.0 cm/s. 
 
 
For analysis of low concentration sample (in ppm level) under splitless mode, 
slow carrier gas flow rates through a narrow bore (typically 0.1mm I.D.) 
column could cause band broadening within the injector. Figure 1.7 
demonstrates that a low volume liner (1 mm I.D.) could ensure a high velocity 
flow of sample cloud (combination of carrier gas and sample vapour) through 
liner into column, and this is essential in preventing peak broadening 
(especially for of the low boiling point compounds eluting right after the 
solvent) [43]. In short, for fast GC analysis, high speed sample cloud transfer 
is essential for reduction of peak broadening from injector (variance, σi2 





Figure 1.7 Split injection Grob text mix (1 μg/mL solution) on 0.1 mm I.D. 





It is known that analyte would spend a longer time in the column than the GC 
injector. As such, it is not surprising that band broadening (variance from 
column, σc2 component in Eq. 1.1) caused by the column would significantly 
influence the separation efficiency of the column [44]. The efficiency of the 
column is defined by Eq. 1.2, where, N is the plate number, a measure of the 
efficiency of the column. tR is retention time of a peak in seconds and 𝜎𝜎 is the 




2 ..……………………..   (1.2) 
 
 
Simplified theoretical discussion of fast GC was presented by Mastovska et al 





𝑡𝑡𝑅𝑅 =  𝐿𝐿 (𝑘𝑘 + 1)?̅?𝜇  =  𝐿𝐿?̅?𝜇  �1 +  2𝛿𝛿𝑓𝑓𝐾𝐾𝑟𝑟 �    … … … … ….    (1.3) 
 
Where 𝑡𝑡𝑅𝑅 is the retention time in seconds, L is the column length in cm, k is 
the retention factor (capacity factor which is dimensionless), ?̅?𝜇 is the average 
linear carrier gas velocity in the cm/s, δf  is the film thickness in cm, r  is the 
radius of column in cm (where, I.D. = 2r ) and K is the distribution constant 




𝑡𝑡𝑅𝑅 =  𝐿𝐿?̅?𝜇  (𝑘𝑘 + 1) 
  
Reduce L • Shorter capillary column, RSα √𝐿𝐿 
  
Reduce k • Higher temperature and/or faster temperature ramping 
• Use bigger column I.D. (↑ r) for a fix column length 
• Change stationary phase to improve selectivity 
• Use thinner film of stationary phase (↓ δf); Qs α δf3 
  
Increase ?̅?𝜇 • ?̅?𝜇 > ?̅?𝜇opt, where H > Hmin 
o Use higher than optimum carrier  gas velocity (e.g. 
operate at OPGV) 
• Increase ?̅?𝜇opt, where H = Hmin 
o Use high diffusivity carrier gas (e.g. hydrogen) 




Figure 1.8 Simplified equation that controls retention time (tR) in GC 
separation and the approaches toward fast GC analysis. Sample capacity of the 
column and the other terms are as previously defined following Eq. 1.3 and 
1.5 in Appendix 1.5. 
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List of options or approaches for the speed optimization of GC separation in 
Figure 1.8 are derived from terms or arithmetic equations that describes 
chromatographic and column characteristics, behaviour and conditions (refer 
to Eq. 1.3 to Eq.1.8 in Appendix 1.5) and fundamental theory of parameters 
that affects capillary GC separation are described in Appendices 1.5 - 1.8 [2, 
24]. 
 
In summary, practical approaches of fast GC is achievable by fulfilling the 
following two basic principles: 
1. Speed up analysis time (reduce tR) by: (A) using shorter column, (B) 
high column oven temperature or ramp rates and (C) increasing carrier 
gas linear velocity (e.g. operate at  OPGV instead of ?̅?𝜇𝑜𝑜𝑜𝑜𝑡𝑡) 
2. Reduce H to offset the loss of resolution (Eq. 1.6 in Appendix 1.5) 
caused by with application of: (D) smaller column radius, (E) 
hydrogen as carrier (with conservation when MS is used for detection) 
and (F) by using the thin film column.  
 
1.3.1.3 Mass spectrometer (MS) as fast GC detector 
 
When MS serves as a fast GC detector, band broadening effect in the detector 
becomes (term σd2 in Eq. 1.1) negligible. Instead, sampling frequency of the 
MS is one the key parameters for proper signal detection from fast GC [43] To 
be a detector for fast GC, the MS detector must be fast enough in collecting 
sufficient data points across the narrow peak eluted from a micro bore column. 
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Figure 1.9 shows the impact of sampling frequency on the repeatability of 
peak area or peak height. The plot indicated that the peak must be defined by 
10 or more points in order to obtain a minimal of relative standard deviation 
(RSD) for repeatable and reliable on quantitation result within same sample 
solution.  
 
Figure 1.9 Relationship between data points across a peak vs RSD of peak 
area and peak height obtained from a GC-qMS [2] 
  
 
There are several types of mass analyzers commercially available for GC. 
They differ in mass range, mass resolution (Rm), sensitivity, spectral sampling 
frequency and cost. Among them, quadrupole and quadrupole ion trap are 
practically affordable in the laboratory for fast GC routine application. Triple 
quadrupole (TQ) and time-of-flight (TOF) type are the MS with the most 
potential to be selected by the “richer” routine laboratory looking for 
improved sensitivity, speed and selectivity. For “very fast” and “ultrafast” GC 
application where run time is within a minute, high speed, low Rm TOF is the 
first priority MS detector. The rest of MS types such as the ion-trap-TOF, 
TOF-TOF and fourier transform ion cyclotron resonance (FT-ICR) and others 






























application [2]. Comparison of the MS which are practically relevant for fast 
GC-qMS in majority of routine laboratories are tabulated in Appendix 1.9 
1.3.2 Pressure flow controlled operated backflush and/or heart-cuts (Dean 
Switch) modules 
1.3.2.1 Backflush system 
 
Many sample matrices are complex and contain a lot of high boilers. However, 
there are situations that the target analytes of interest are eluted only at the 
early part of the chromatogram. As result, the analysis time has to be long 
enough to ensure all the high boilers are fully purged out prior to starting the 
next run, to prevent carryover [48, 49]. The flow direction in the column could 
be reversed at a pressure junction point, such as installing a “flow pressure 
tuning” [50]; also known as pressure-controlled tee (PCT) [15] or backflush 
module after the separation column to purge out the remaining high boilers via 
split line of the injector after elution of the target analytes.  Figure 1.10 (A) 
illustrates the setup of such “post column” backflush technique. Another more 
time-effective backflushing approach is known as “concurrent backflush”, 
which employs a PCT installed between two columns with the reverse column 
flow starting after the last analyte of interest elutes from the pre-column as 
showed in Figure.1.10 (B). On top of shortening the analytical cycle time, the 
use of a simple backflush technology improves sample throughput and system 
robustness by enhanced column life and reduced maintenance of detectors) in 




Figure 1.10 Shortening analysis of early elution target analytes in high boilers 
matrices by (A) post column backflush and (B) concurrent backflush [15] by 
using a backflush module. PFC: pressure flow controller 
 
 
1.3.2.2 Deans Switch for heart cutting and back flushing 
 
Deans switch with heart cutting capability is flow-controlled two-dimensional 
gas chromatography (2D GC) [17]. The precise programmable control of flow 
and temperature of modern GC enables multiple heart-cutting of 2D GC 
system by  selectively transferring analytes of interest from first dimension 
(1D) column to the second dimension (2D), and allowing backflushing of 
unwanted components from the 1D column. This concept is very close to the 
“concurrent backflush”. Figure 1.11 illustrates a typical two position workflow 
of a flow control Deans switch heart cutting system. 
 
5 1 1 2 2 3 3 4 4 5 5 min 
Target  
analytes 
Analysis time 60 min. 
Chromatogram without Backflush 
Backflushing: 8.6 min.  
Analysis time 12.4 min.  
Chromatogram with Backflush 













with Backflush with out  Backflush 
Main 




Figure 1.11 Multi Deans Switch flow control technology module. (A) In 
standby mode and (B) in cut mode, FID: flame ionization detector, 1D: first 
dimension, 2D: second dimension [50, 52] 
 
 
Frank et al [16] and Gray et al. demonstrated another application of Dean 
Switch 2D GC application for analysis of PCBs in milk powder extracts by 
GC-MS/MS pre-column backﬂushing. After the targeted analytes pass through 
the pre-column (uncoated but deactivated), the high boiler in the matrices were 
back-flushed from entering the 2D column (analytical column). As such, 
considerable increase in productivity could be achieved. 
 
1.4 Practical approaches of quadrupole mass spectrometer (qMS) 
detection  
 
To enhance the GC detection sensitivity, selectivity and positive compound 
identification in multicomponent mixtures, coupling with mass spectrometer is 
the trend now [1]. With recent advances of bench-top which are known to be 
rugged, affordable, reliable, and ‘the best libraries (mass spectra databases) 
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compatibility”, is becoming a norm of GC detector in the research laboratories 
and routine testing laboratories.  
Conventionally, for single quadrupole (SQ) system, there are two acquisition 
modes: scan and SIM. Scan data provides mass spectrum which is ideal for 
qualitative work with database search. Whereas, the sensitivity and selectivity 
could be improved by acquiring only those necessary ion fragments for a 
longer period of time in SIM mode. Recent development of high scanning 
speed system (10,000 a.m.u./s - 20,000 a.m.u/s) [53] permits simultaneous 
Scan/SIM mode to be performed at a reasonable sampling rate without much 
trade-off in the quality of mass spectrum and sensitivity. Similarly, triple 
quadrupole (TQ) system has the capability to perform scan, multiple reaction 
monitoring (MRM) as well as in simultaneous Scan/MRM modes, at 
satisfactory spectrum quality and sensitivity. This is due to the high scanning 
speed and short dwell time in collision cell in new hardware design (up to 
500~600 MRM/s) [54, 55]. The newly launched TQ system enables full 
compatibility of SQ function without compromising data quality of the SQ 
mode. Figure 1.12 shows the data acquisition mode of a TQ system. Practical 






Figure 1.12 Schematic and acquisition mode of TQ MS. CID gas ON: for all 
acquisition modes and CID gas OFF: only Q3 Scan, Q3 SIM and Q3 Scan/Q3 




MRM mode of GC-MS/MS  is ideal for residual analysis in complex matrix 
due to its high sensitivity and selectivity. However, it is very time consuming 
to develop a MRM method for a multi-residue analysis. This has been 
resolved with the creation of a new software which contains automatic method 
optimization functions. In recent years, with the new method creation and 
optimization tool and the ready to use MRM commercial databases, a single 
MRM method for simultaneous analysis of several hundred of analytes could 
be created easily without configuring troublesome transition settings. 
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Table 1.5 Approaches to improve qMS detection efficiency 
 
Parameter qMS Approaches 
Increase selectivity and 
sensitivity 
SQ ●  Acquired data in  SIM 
mode instead of Scan mode 
  
  ●  Increase the time spent for 




TQ ●  Acquired data in MRM 
mode instead of Scan mode 
  
  ●  Increase dwell time of 
MRM transition in MS/MS 
operation 
      
Increase scope of 
analysis 
SQ Acquired data in  
simultaneous Scan/SIM   
 
(enable full qualitative 
analysis capability  on 
top of highly sensitive 
and selective 
quantitative work) 
TQ Acquired data in simultaneous Scan/MRM 
 
 
In 2010, a fast GC-MS/MS method for screening and reliable quantitation of 
233 residue pesticides in vegetal matrix down to 5 ng/mL was reported [56]. 
In the paper, 2 MRM transitions were used for each pesticides to comply with 
five EU identification points for compound confirmation according to EU 
regulation [57]. 
 
In May 2014, a technical paper describes the use of a MS database consisting 
of MRM transitions and retention indices; a MRM method could be created 
creating without purchasing or analysing any analytical standards. The data 
reported a single MRM method could be set up easily for simultaneous  
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screening of 420 pesticides (approximately 1,200 transitions) with favourable 
sensitivity and accuracy [58].  
 
1.5 Scope of the thesis 
 
With the increasing in the incidence of food frauds and the undesirable health 
effects of toxic chemical contaminants and illegal adulterants in food and 
agriculture products, there are great demands for fast and reliable screening, 
monitoring and quantitative determination of such compounds to safeguard 
public health worldwide. The affordable bench-top GC-qMS is an ideal 
system for most analytical laboratories to perform such analytical tasks in 
routine testing services.  The primary objective of this dissertation is to 
develop less labour intensive, simpler and efficient (fast, sensitive and 
selective) GC-qMS methods to improve overall laboratory efficiency and 
productivity in food safety analysis. The proposed research consists of two 
parts in development of two different GC-qMS methods aiming at achieving 
the above goals. 
 
The first method development (Chapter 2) focuses on development of a GC-
qMS method the utilizing direct LVI technique for profiling analysis of less 
volatiles congeners (LVCs) in distilled alcoholic beverage samples. 
Conventionally, various sample preparation techniques such as liquid-liquid 
extraction (LLE), solid phase microextraaction (SPME), stir bar sorptive 
extraction (SBSE) and monolithic material sorptive extraction (MMSE) are 
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employed for enrichment of LVCs prior GC-qMS analysis. However, these 
sample preparation and pre-concentration steps are very labour intensive and 
time consuming. Recent studies have been diverted to explore a direct ‘in-liner 
enrichment” injection technique to enable analysis of the LVCs in ethanol-
water matric samples. The ‘in-liner enrichment” and LVI will be the basis of 
development for the new method, namely “speed-controlled Large Volume 
Injection (scLVI)”. A large inlet liner volume PTV equipped with direct 
current (DC) and direct heating port on an auto-sampler is used on a 
conventional GC-qMS system, on which the scLVI method is developed and 
optimized. The performance of this new method is evaluated and compared 
with several other conventional methods, i.e., classical direct hot split injection 
method, MMSE coupled with hot splitless injection method and SPME 
coupled with a cold split injection method. Subsequently, the scLVI method 
coupled with GC-qMS is applied for quick profiling of LVCs in distilled 
alcoholic beverages. 
 
French Cognac brandy is a popular tasty distilled alcoholic beverage which 
commands a premium price. It is not surprising that Cognac has become the 
prime target for adulteration in the market. It is known that the content, 
abundance and odour thresholds of the LVCs are closely related to 
physicochemical and organoleptic properties of brandy [59]. As such, LVCs 




The scopes of the study for Chapter 3 consist of two subdivisions: (1) 
Characterization of the less LVCs in various Cognacs from the chemical 
profiling analysis results using scLVI on GC-qMS described in Chapter 2 and 
(2) the GC-qMS chemical profile data of the samples are subjected to 
multivariate analysis for classification of the Cognacs and brandies according 
to their quality grade and brand. The combination of chemical profile data and 
multivariate analysis is also applied in detection of adulteration of brandies. 
Explanations would also be provided on the possible differences between the 
different Cognacs and brandies as well as genuine and adulterated brandies. 
 
Fast GC-qMS is known to have a high sample throughput due to its short 
analysis time. Thus, it is suitable to employ such a technique in food safety as 
a large of samples is needed to be analyzed within a limited time frame. The 
main objective of Chapter 4 is to develop a fast GC-qMS method for analysis 
of the toxic plasticizers (phthalate esters) in beverages using existing facilities. 
This is in response to the food scandal unveiled by the Taiwan Food and Drug 
Administration (FDA) in May 2011. This method development is based on the 
fast chromatographic theory in selection of suitable sample introduction 
parameters, appropriate column dimensions, linear velocity and column oven 
temperature program for optimal separation performance with existing readily 
available bench top GC-qMS instrumentation in the market. To increase the 
analytical scope of the fast GC-qMS, high speed simultaneous scan/SIM data 
acquisition mode of the ultra-fast qMS is employed. The SIM data is utilized 
for the determination of trace levels of the phthalate esters, while the scan data 
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is utilized for both detection and screening of untargeted hazardous 
contaminants, pollutants or adulterant present in the studied samples.  
 
To extend the fast GC-qMS method to other matrices, the separation 
performance of the method is compared against a conventional method used 
by U.S. Consumer Product Safety Commission’s testing laboratory for 
complex matrices such as polymers (analysis of phthalate content in children’s 
toys and child care articles) [60]. The additional resolution will intentionally 
allocate to every target analyte to ensure the robustness of the fast GC-qMS 
method when it is applied to other sample matrices. The quantification 
performance of the method such as linearity, precision, sensitivity and 





CHAPTER 2 DEVELOPMENT OF A SPEED-CONTROLLED LARGE 
VOLUME INJECTION METHOD FOR DIRECT ANALYSIS OF LESS 
VOLATILE CONGENERS IN DISTILLED ALCOHOLIC 
BEVERAGES BY GAS CHROMATOGRAPHY MASS 
SPECTROMETRY 
 
2.1 Introduction  
 
As described in section 1.2.2.1, large volume injection (LVI) on PTV has 
become one of the most popular sample injection techniques for GC and GC-
qMS. The volume of liquid sample injected can be increased greatly using 
either multiple injection or speed-controlled injection method. 
 
The so-called “at once” rapid injection enables to complete an injection within 
1 - 2 seconds [58]. This rapid injection can be adopted to perform effectively 
multiple injections to achieve LVI using a PTV. However, this “at once” 
technique requires the sample volume of each injection to be lesser than the 
liner capacity. In other words, the packing material of the liner must have a 
sufficient capacity to retain the whole sample volume injected. Otherwise, LVI 
by multiple injection method would be inaccurate due to loss of sample. 
Therefore, the maximum capacity of the liner must be determined first. In case 
of using speed-controlled injection method to perform LVI, it is not necessary 
to determine the maximum sample capacity of the packed bed liner. However, 
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the speed of solvent elimination has to be known under specific injection 
conditions such as inlet temperature, vent flow rate and etc. 
 
2.1.1 Principles of speed-controlled large volume injection  
 
One of key factors in continuous injection mode for LVI on PTV injector is 
effective removal of solvent in the injector. The solvent is vented or 
eliminated by the carrier gas from a split line of the injector. The injection 
speed of liquid sample into the injector must not exceed the elimination 
(venting) rate of the solvent out of the injector. This technique of continuous 
injection with effective solvent elimination described in this article is termed 
as “speed-controlled Large Volume Injection (scLVI)”. It can be carried out 
on any auto-sampler featured with programmable injection speed of sample. 
 
The carrier gas saturated with sample vapor flows through the liner and 
preferably vent the solvent to a split line, while the solutes remain in the liner. 
Ideally, a continuous injection process can be performed when the sample 
injection speed is well controlled to be equal to the solvent elimination speed 
at a constant inlet temperature and gas flow rate. Theoretically, this continuous 
injection under such conditions has no limit in injection volume [1, 32]. By 
assuming that the evaporation is an isothermal process and the venting gas 
saturated with solvent vapor behaves as an ideal gas, the maximum injection 
speed which equates to the elimination rate of solvent can be described by Eq. 
2.1. [1, 61] 
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𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚 =  𝑉𝑉𝑒𝑒𝑒𝑒 =   𝑀𝑀𝑀𝑀𝑖𝑖𝜌𝜌𝜌𝜌𝜌𝜌𝑜𝑜  ×   𝑀𝑀𝑜𝑜𝑀𝑀𝑖𝑖  ×   𝑉𝑉𝑡𝑡,𝑜𝑜 … … … … … … … … … … … … … . . (2.1) 
 
where, 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚  (µL/min) is the maximum speed of sample injection, Vel 
(µL/min) is the solvent elimination rate, 𝑀𝑀 (kg/mol) is the molecular weight of 
the solvent, pj (Pa) is the partial pressure of the solvent, 𝜌𝜌  (kg/m3) is the 
density of the solvent, 𝜌𝜌 (Pa m3mol-1k-1) is the universal gas constant, To (K) 
is the outlet temperature, po (Pa) is the outlet pressure, pi  (Pa) is the inlet 
pressure of the liner, Vt,o  (µL/min) is the total vent flow rate at outlet 
conditions at To and po. Eq 2.1 indicates that solvent elimination for a specific 
solvent can be enhanced by increasing inlet temperature (which increase Pj), 
reduce inlet pressure of the liner and/or increase the vent flow rate. This 
equation can be used as reference guidelines to set inlet temperature and 
venting flow rate for a specific solvent to achieve a desired injection speed in 
method development. However, this preset value based on theoretical 
estimation (Eq 2.1) must be optimized experimentally with actual samples. It 
has been reported [8] that the calculated solvent elimination rate according to 
Eq 2.1 could differ from the actual value up to a factor of three. This was 
explained by the researchers to be due to substantial cooling effect to the inlet 
when a solvent evaporates very rapidly right after the sample injection [8, 62] 
 
The degree and pattern of the cooling effect are different for various solvents 
due to their physicochemical properties like molar heat of evaporation and rate 
of evaporation. The amount in molar number of different solvents for a same 
injection volume in micro liter (e.g., 1 µL) is substantially different (Appendix 
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2.1). Consequently, the pressure imposed by complete vaporization of the 
solvent in a fixed volume of a PTV injector is significantly different for 
various solvent. This difference can be estimated easily from the gaseous 
volume per unit of liquid form (µL) as shown in Figure 2.1. 
 
 
Figure 2.1 Saturated vapour volume of 1 µL of different solvent at 20oC. 
Modified from [61] 
 
 
2.1.2 Analysis of LVCs in distilled alcoholic beverages (DABs) 
 
A distilled alcoholic beverages (DABs), spirits, or liquors are alcoholic 
beverages produced by distilling ethanol originated from fermenting grain, 
fruit, or vegetables [63]. The DABs contains typically 20 - 60 % of ethanol 
and the remaining portion is mainly water. Other than ethanol and water, over 
1000 organic compounds have been identified in the volatile and semi-volatile 
fraction of whiskies, brandies, etc. Their complex composition and content of 
the organic compounds defines their appearance, aroma, flavour and mouth-
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feel properties. The high content of water in beverage is the main problem to 
the GC column, due to its huge expansion volume and it may cause hydrolysis 
of siloxane bond, leading the reactivation of silylated surface and 
consequently breaking down the stationary phase of the column [32]. Split 
injection has been used commonly to overcome this problem which could 
minimize the high polarity ethanol-water from entering into GC column [64]. 
However, this method is limited to high abundance of LVCs. To analyse trace 
level of LVCs such as middle chain fatty acids and their esters, higher alcohol, 
acids and aromaric phenolic compounds, split injection could not be adopted. 
Meanwhile, to use splitless injection, the sample must first be isolated and pre-
concentrated prio to GC and GC-qMS injection [59]. Several researchers 
employed liquid liquid injection (LLE) [65-67] and solid phase extraction 
(SPE) [68] followed by a concentration before introduction to GC. Recently, 
micro extraction techniques have also been adopted, which includes solid-
phase microextraction (SPME) [69, 70], stir bar sorptive extraction (SBSE) 
[69-71] as well as monolithic material sorptive extraction (MMSE) [61]. 
Among these, SPME method has been used the most. One of the reasons is 
that it can be automated on a GC auto-sampler. 
 
This study aims to develop a novel LVI technique to improve the analysis 
efficiency of the LVCs in distilled alcoholic beverages DABs by GC-qMS. It 
is desired to simplify the sample pre-treatment by allowing direct injection of 
samples for analysis of wide range of LVCs in distilled beverages. The LVCs 
defined as the compounds with boiling points above 150oC, which includes 
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part of the volatiles and semi-volatiles congeners in the alcoholic beverages. 
The technique of scLVI with effective elimination of solvent described in 
2.1.1 was employed. A systematic study on the key parameters including 
injection speed, inlet temperature, venting flow rate & time and injection 
volume were carried out a Shimadzu GC-qMS with a PTV. 
 
2.2 Materials and methods 
2.2.1 Chemicals and materials 
 
CHROMASOLV® absolute ethanol (≥ 99.8 %), 3-pentanol (98 %), 3-octanol 
(99 %), methyl dodecanoate (> 97 %) and methyl octadecanoate (> 97 %) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Methylene chloride (≥ 9.5 %) 
was obtained from Wako Pure Chemical Industries (Osaka, Japan). 
MonoTrapTM RCC18 was acquired from GL Sciences Inc. (Tokyo, Japan). 
The ultrapure water used in all experiment was produced by Mili-Q water 
purification system of Millipore (Billerica, MA, USA).  
 
2.2.2 Instrumental analysis 
2.2.2.1 Speed-controlled large volume injection (scLVI) for GC-qMS 
analysis 
 
The method development of scLVI was performed on a Shimadzu GCMS-
QP2010 series (Kyoto, Japan) with in-built with GL Sciences Optic-4 
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(Eindhoven, Netherland) PTV and coupled to a Shimadzu AOC-5000 series 
auto-injector (Kyoto, Japan). The Rxi-5Sil MS capillary column with 
dimension 20 m * 0.15 mm * 2 µm (Restek Bellefonte, PA, USA) was used 
for the GC separation. The column oven temperature was programmed from 
40 °C with an initial ramp at 20 °C/min up to 60 °C. Subsequently, raised at 
10 °C/min and 5 °C/min up to 150 °C and 320 °C respectively and held at the 
final temperature for 15 min. The MS was run under 70 eV, electron impact 
(EI) mode and scanned from mass to charge (m/z) 35 to 550 at 0.3 s scan 
interval. The interface and ion source were heated at 310 °C and 250 °C 
respectively. Acquired data were then processed and tentative compound 
identification was performed with Shimadzu GCMSsolution software and 
several commercial databases. The optimized parameters for PTV and the 
flow controller (helium was used as carrier gas) would be illustrated in Figure 
2.12. 
 
2.2.2.2 Hot split injection GC-qMS analysis  
 
A portion of 1 µL of whisky was injected at a speed of 50 µL/s into hot 
split/splitless injection port (250 oC) with split ratio 20:1. Helium was 
employed as carrier gas, flow at 45 cm/s into a polar capillary column 
Restek’s Stabilwax-DA, 30 m x 0.18 mm x 0.18 µm (Bellefonte, PA, USA). 
The GC oven temperature was initially held at 40 °C for 2 min and then 
programmed to 240 °C at 10 °C/min and hold for 10 min. The interface and ion 
source temperatures were kept at 200 °C and 250 °C respectively. The solvent cut 
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time was 1.39 min. The qMS was operated in EI mode at 70 eV. Data 
acquisition was performed in the full scan mode divided in two time events: 
1.4 -3.1 min, scan range m/z 10 to 250, scan time of 0.3 s; 3.5 - 32 min m/z 29 
to 450. The first time event was run at low mass range for detection of 
volatiles eluted before the water-ethanol solvent. 
 
2.2.2.3 Hot splitless GC-qMS analysis  
 
1 µL of the extract obtained from MMSE of samples (section 2.2.3) was 
injected at a speed of 50 µL/s into hot split/splitless injection port (250 oC) 
under splitless mode with 0.5 min sampling time. The GC oven temperature 
was initially held at 60 °C for 2 min and subsequently ramped at 20 °C/min to 
100 °C. Then, another temperature ramp at 5 oC/min up to final temperature 
240 oC and maintained for 10 min. Data acquisition was performed with EI 
mode from 4 - 42 min with scan range of m/z 30 - 450, by 0.3 min scan 
interval.  The column and other GC-qMS parameters were the same as 2.2.2.2. 
 
2.2.3 Method development and optimization for scLVI 
 
The PTV parameters that will affect the in-liner enrichment of analytes were 
investigated to obtain the most favorable conditions. The optimization was 
based on the enrichment of the analyte peak area of by varying the speed 
control injection into PTV, the PTV’s flow, temperature programs and the 
injection volume.  
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Besides, the GC separation and qMS detection parameters were also fine-
tuned. All the experiments were conducted in triplicates.  
 
2.2.4 Monolithic material sorptive extraction (MMSE) of whisky 
 
Monolithic silica adsorbent, MonoTrapTM (RCC18), rod shape activated 
carbon (2.9 O.D. x 1 mm height.) was selected to extract and concentrate the 
LVCs from whisky. At first, aliquots of 10 mL of whisky sample was 
transferred to a 22 mL glass vial which contained a piece of RCC18 rod and 
sealed well with a Teflon lined crew cap. The vial was then mechanically 
shaken for an hour at room temperature. The RCC18 rod was next removed 
from sample, blob dry and placed into a 1.5 mL sample vial. Subsequently, 
200 µL of methylene chloride was added and the vial was placed to ultra-
sonication for 5 min to re-extract the LVCs into methylene chloride for GC-
qMS analysis. 
 
2.2.5 DABs sample information 
 
A total of 17 alcoholic beverages of various types, brands and grades as per 
listed Table 2.1 were purchased from local market for this study. About 20 mL 
of each was transferred into a 22 mL headspace Teflon-line screw cap vial and 
stored under 4 °C until they were needed for analysis. Methyl dodecanoate 
(C12FAME) and methyl octadecanoate (C18 FAME) were used as internal 
standard 1 (IS1) and 2 (IS2). 
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Table 2.1 Summary of DABs sample information 
 
Sample Category Country of origin 
Age/grade 
(years) % ABV 
          
W1 Blended malt 
 
Scotland 12 43 
W2 Blended malt 
 
Scotland 18 40 
W3 Blended, malt 
 
Scotland 12 40 
W4 Blended malt 
 
Scotland NA 40 
W5 Blended malt 
 
Scotland 17 43 
W6 Bourbon 
  
USA 8 45 
W7 Tennessee 
 
USA 8 40 
W8 NA Canada 12 40 
W9 Malt spirits  India NA 42.8 
W10 Blended malt 
 
India NA 42.8 
        
B1 Cognac France VSOP 40 
B2 Cognac France XO 40 
B3 Cognac France VSOP 40 
B4 Cognac France XO 40 
        
V Vodka India NA 42.8 
G Dry Gin India NA 43 
R Rum India NA 37.5 
          
 
NA: not available, % ABV: % alcohol by volume (a standard measure of the 
amount of ethanol contained in an alcoholic beverage expressed as a 
percentage of total volume. 
 
 
2.3 Results and discussion  
 
Direct aqueous injection into GC is challenging because water deteriorates GC 
column. For LVI on PTV in solvent vent mode, water can still be vaporized 
like other solvent, but this requires higher temperature and /or longer time. At 
first glance, Eq.2.1 seems extremely simple where, 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚 =  𝑉𝑉𝑒𝑒𝑒𝑒 . Closer 
examination reveals that many parameters affect the equilibrium state of the 
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injection technique described by this equation. Among them, the most 
important ones are nature of solvent and the liner temperature.  
 
2.3.1 Selection of PTV, inlet liner, syringe and column  
 
The experiment was carried out with a large inlet liner volume PTV with high 
temperature ramping rate (equipped with DC direct heating port). A wide taper 
liner (3.4 mm I.D * 88 mm L * 5.1 mm O.D.) which wall coated with highly 
deactivated sintered glass was selected. The coating provides large inert 
surface area to increase sample trapping capacity up to 50 µL. To optimize 
solvent evaporation and maximize analytes for in-liner enrichment, a dome 
tipped syringe with a side hole needle was used to spray the sample efficiently 
onto the sintered glass liner wall (Figure 2.2).  
 
 
Figure 2.2 Schematic diagram of GC syringe and PTV liner 
 
 
In this study, an open tubular capillary column with dimension of 20 m, 0.15 
mm I.D. and coated with 2 µm film thickness stationary phase (β = 19) was 
selected. The sample capacity/loading on column is directly proportional to 
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the cube of the film thinness (𝑄𝑄𝑠𝑠 ∝ 𝛿𝛿𝑓𝑓3). Hence, to accommodate the large 
amount of solvent vapour as well as for retention of good analyte peak shape 
of LVI, a high capacity thick film column (2 µm) which is equivalent to about 
2370 times higher sample loading capacity than a typical 0.15 µm film 
thickness of a 0.15 mm I.D column (β = 250) was utilized.  Meanwhile, to 
speed up the chromatographic separation scheme, column with dimension 
relatively shorter and narrower than the classical column (30 m * 0.25 mm 
I.D.) was chosen for this method development. 
 
In principle, owing to the fact that the majority of the components in DABs 
(samples with high content of water-ethanol based matrices) are relatively 
polar; a highly polar polyethylene glycol stationary phase is used for optimum 
peak sharpness and symmetry. Nonetheless, in this method development, the 
focus is on the LVC. Thus, a low polarity inert general purpose chemically 
bonded cum cross-linked silarylene phase (selectivity similar to 5% phenyl/95% 
dimethyl polysiloxane) was used to purge out the high boiling point 
hydrophilic analytes with minimal compromise of peak distortion. The 
stationary phase incorporates phenyl groups (called silarylene shown in Figure 
2.3) in the polymer backbone. This improves thermal stability (operable up to 









2.3.2 Method development and optimization strategy  
 
Direct injection of aqueous based sample into GC is challenging because 
water deteriorates GC column. For LVI on PTV in solvent vent mode, water 
can still be vaporized like any other solvent, but will require higher 
temperature and/or longer time. Thus, in this study, scLVI method was 
planned to be developed instead of ‘at once rapid injection’ LVI method. 
 
An aged blended malt Scotch whisky (40.0 % ABV or 70o proof) that contains 
a wide range of volatile and semivolatile congeners was used for method 
optimization. Seven representative congeners (named as target analytes) with 
different polarity that varied widely in volatility and elution order across the 
total chromatogram of whisky profile were selected for initial assessment. 
These congeners consist of phenyl alcohol, lactone, linear alcohol and fatty 
acid ethyl esters with different concentration ratio, as listed in Figure 2.4. The 
result of optimization for each parameter were plotted on a dual axis, using 
combined bar cum line chart (Figure 2.5 to 2.11).  
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For method development and optimization of scLVI applied to a high water 
based content sample. The first and the most crucial parameter studied was the 
sample introduction rate (injection speed) into PTV trapping liner. This was 
followed by the initial temperature of PTV that was closely related to solvent 
evaporation temperature. Ideally, the temperature set should allow solvent to 
be vaporized without losing analytes. The third parameter to be optimized was 
solvent vent flow rate of the split line, followed by solvent vent time of the 
PTV and sample injection volume. The remaining PTV parameters such as 
temperature program, split ratio program and PTV inlet pressure program 
were fine-tuned as well. As zero air was used as coolant, the minimum 
controllable temperatures at a reasonable stabilization time of whole system 
were 50 oC and 40 oC for initial PTV and GC oven respectively. The 
optimization was carried within this temperature control range. Finally, the 

















area to WL 
1 Phenylethyl alcohol  PEA 60-12 -8 122 15.830 218 8.15 
2 Whiskey lactone WL 39212-23-2 156 21.000 247 1.00 
3 Ethyl decanoate C10FAEE 110-38-3 200 22.170 245 20.60 
4 Ethyl dodecanoate C12FAEE 106-33-2 228 27.095 269 23.61 
5 Tetradecanol  C14OH 112-72-1 214 29.250 289 2.79 
6 Ethyl tertradecanoate C14FAEE 124-06-1  256 31.655 295 2.35 
7 Ethyl hexadecanoate C16FAEE 628-97-7  284 35.855 342 1.96 
 
Figure 2.4 The seven target congeners (analytes) chosen for evaluation of method optimization 
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2.3.2.1 The effect of injection speed  
 
A speed programmable syringe driven by auto-injector was utilized for this 
experiment. Figure 2.5 illustrated the effect of the injection speed of whisky 
sample on PTV (15 µL/min, 6 µL/min, 3 µL/min, 1.5 µL/min, 0.3 µL/min) on 
the analytes enrichment. Apparently, of all the seven analytes, the peak areas 
were enhanced with the reduced injection speed until ca 3 µL/min and 
subsequently, the peak areas start to decline. The exception case of C10FAEE 
achieved its maximum peak area at 1.5 µL/min. Typical injection speed 
recommended for scLVI into PTV is within 25 – 250 µL/min for most of the 
mid to non-polar solvents [72]. Nonetheless, for whisky sample  with 60% 
water based, the experimental optimum injection speed for the specified 
operation conditions was 3 µL/min. This is much lower than the recommended 
value. As per literature review in 2.1.1, it is critical that the speed of liquid 
sample introduction into the trapping liner should match the solvent 
elimination rate from PTV. Such a great deviation of experimental value from 
recommended value could be due to high solvent expansion volume (Figure 





Figure 2.5 The effect of sample injection speed into PTV inlet liner. 
Operation conditions: initial PTV temperature at 50 oC, vent flow at 100 




Figure 2.6 (A) The overlay total ion chromatograms (TICs) of test sample 
(whisky) from different injection speed. (1) - (7) are the base peak of the mass 
chromatograms for the target analytes. 
 
 
Ideally, the sample should be introduced at a rate which is equal to or slightly 
above the evaporation rate of the ethanol-water based solvent of whisky 
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sample. As such, the analytes could be efficiently retained as result of 
solvation by the thin layer liquid formed in the liner. Recoveries of mid 
boiling points volatiles relative to the semi-volatiles analytes are indicative 
information for optimization processes of scLVI method development. Higher 
injection speed causes flooding in liner, inhibiting the retaining power of the 
trapping surface and thus, in losses of all analytes (both mid boiling points 
volatiles and semi-volatiles) in liquid form (under un-vaporized condition) via 
split exit (refer to the left side of apex in Figure 2.5). Figure 2.6 (A) shows 
high abundance of volatiles (peaks at elution time < 14 min) but with much 
reduced peak areas of less volatiles analytes (eluted above 15 min) in TIC 
under injection speed of 6 and 15 µL/s. Appearance of the intense volatile 
peaks might probably be due to the selective retention towards low boilers by 
the liquid film formed at the flooded zone [61]. This accumulated liquid film 
in liner eventually would leave the injector and enter the column. The low 
initial column temperature promoted excessive re-condensation of solvent 
vapour and flooded the column inlet. The flood zone of capillary column led 
to significant delay in retention time (0.1 – 0.6 min) and peak distortion for the 
early eluting analytes, such as PEA and WL, as illustrated in Figure 2.6 (1) 
and (2). From the TIC at injection speed 15 µL/s as shown in Figure 2.7 (A), 
the PEA peak was too small to be noticed and the area was not reported in 
Figure 2.5. However, when the two major mass chromatograms (MCs), m/z 91 
and 122 were magnified to 25 times and 100 times respectively, PEA is clearly 
displayed at retention time between 15.6 - 17.1 min. All the mass spectrums in 
this time range were the same and were identified as PEA by database search 
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with high similarity index (SI = 98), as shown in Figure 2.7 (B). This 
phenomenon indicated the relatively volatile compound such as PEA were 
actually trapped by the liquid film in the liner, but smeared and could not be 
refocused well in the flooded zone of the column at low elution temperature. 
Hence, PEA appeared as a broad split peak and prompted to low accuracy 
quantification of peak area.  
 
Figure 2.7 PEA data obtained from injection speed 15 µL/min. (A) TIC, the 
blank line and MCs, the pink and blue lines of PEA, (B): MS database search 
result for PEA with SI 98 as first hit. 
 
 
Instead, too low an injection speed will also result in long sampling time, and 
this would dry up the liquid phase in the liner. In the absence of such a liquid 
phase film, the analytes were weakly retained and this might cause higher 
losses of analytes as indicated by the decline of peak areas on the right side of 





2.3.2.2 The effect of PTV initial temperature 
 
The peak areas of analytes obtained from different initial PTV temperature 
were reported in Figure 2.8. As the PTV initial temperature increased from 50 
oC to 70 oC, peak area for the analytes were reduced (except for those two high 
boiling points compounds). The lower initial PTV temperature reduced the 
evaporation rate of sample and thus increased liner enrichment process in 
general (elimination of liner flooding). Nonetheless, when the PTV 
temperature was insufficient for vaporization of high boiling points analytes 
such as C14FAEE (295 oC) and C16FAEE (342 oC), these analytes would vent 
out via split exit in liquid form, causing a drop in peak area. In contrast, 
C14FAEE achieved highest intensity at 60 oC while C16FAEE was kept in 
uptrend with increase temperature up to 70oC. Since the majority of the 
analytes in the whisky samples were eluted below 30 min, 50 oC was selected 
optimum temperature for alcoholic samples. 
 
Figure 2.8 Effect of initial PTV on peak area. Operation conditions: injection 




2.3.2.3 The effect of vent flow 
 
Regarding the effect of vent flow on trapping efficiency, different vent flow 
rates 50 to 200 mL/min were assayed. As shown in Figure 2.9, peak areas of 
all analytes were enhanced with the vent flow rate from 50 mL/min up to a 
maximum point.  After which, any further increases in flow rate would reduce 
the peak areas gradually. 
 
 
Figure 2.9 Effect of vent flow on peak area. Operation conditions: injection 
speed 3 µL/min, other parameter settings were as per listed in Figure 2.5 
 
 
The vent flow below optimum point was insufficient to purge out the 
vaporized solvent (the water-ethanol solvent) adequately and thus excessive 
amount of solvent in the liner hindered the efficiency of in-liner trapping. On 
the other hand, above the optimum vent flow, the liquid (the ethanol-water 
solvent) film dried up progressively in the liner. This may have led to losses of 
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analytes via the split exit. Our work supported this observation. Majority of 
the analytes attained their highest trapping efficiency at vent flow of 100 
mL/min. Besides, the two outliers (C14OH and C16FAEE) were able to 
achieve reasonable trapping efficiency at this vent flow rate as well. Thus, 100 
mL/min was chosen as the most suitable vent flow rate for this injection 
method. 
 
2.3.2.4 The effect of vent time 
 
After sample introduction was completed, additional vent time was applied to 
eliminate the accumulation of liquid film (the ethanol-water solvent) during 
the sample injection prior the splitless transfer of the trapped analytes into the 
separation column [72]. 
 
In this study, it was found that > 3 min was needed to achieve good recovery 
for 50 µL of test sample injected at 3 µL/min into the PTV (operated at 50 oC 
initial temperature venting at 100 mL/min). Figure 2.10 demonstrated that all 
the peak areas increased with vent time from 30 to 180 s. This indicated that a 
considerable amount of liquid film (ethanol-water solvent) being accumulated 
in the liner. However, after 90 s of venting, further increase of vent time 
applied would have less significant increase of the peak area. Considering the 






Figure 2.10 Effect of vent flow on peak area. Operation conditions: injection 
speed 3 µL/min, other parameter settings were as per listed in Figure 2.5 
 
 
2.3.2.5 The effect of sample injection volume 
 
In order to study the effect of the sample injection volume on the enrichment 
process, the sample volume was injected over the range of 10 to 50 μL. As 
described in section 2.1.1, theoretically, when using scLVI with solvent 
venting on PTV, the sample volume to be injected should be unlimited. Figure 
2.11 revealed that the peak area for all the analytes increased with higher 
volumes injected. This matches the theory explained earlier. 
 
The maximum capacity of the syringe that could be mounted on this particular 
commercial auto-sampler with programmable injection speed down to 0.3 
µL/min is a 100-µL volume syringe with a maximum injection volume of 50 
µL. Hence, 50 µL injection was selected as an optimum injection volume for 
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this method developed. Furthermore, higher sample injection volume required 
more frequent maintenance (liner exchange) and might cause column 
overloading, especially for sample with high furanics and sugars content (such 
as brandies). 
 
Figure 2.11 Effect of injection volume on peak area. Operation conditions: 




2.3.3 The optimized in-liner enrichment scLVI method 
 
Parameter settings of PTV for the scLVI method developed was illustrated in 
Figure 2.12. The operation flow involved of four stages: (A) speed controlled 





Firstly, the auto-sampler will start to carry out LVI after system stabilization at 
stage (A). A 50 µL of sample was directly injected under a speed controlled at 
3 µL/min into the PTV (stabilized at 50 oC). At this stage, the water-ethanol 
solvent vapour was vent at a high flow rate, 100 ml/min, through the split line. 
The inlet pressure was set at a reduced value with lower column flow (53.2 
kPa with 0.2 mL/min) in order to promote evaporation of solvent (Eq. 2.1) on 
top of minimizing solvent vapour from entering the separation column. At this 
stage, less volatile analytes will be trapped and enriched on liner surface or 
liquid solvent film formed on the liner. Right after the sample injection, the 
remaining liquid solvent film in the liner was purged for 3 min in stage (B) at 
100 ml/min under in initial temperature of the PTV (at 50 oC) and with 0.2 
mL/min column flow. Immediately after solvent elimination, the split line was 
closed and column flow was raised up to its optimum flow of 0.5 mL/min for 
separation in stage (C). Subsequently, a delay time of 0.1min was employed 
prior to the PTV being ramped at 240 oC/min up to 350 oC. The trapped 
analytes were then purged through splitless transfer into the column that was 
held at a low temperature (40 oC). Following thermal desorption of trapped 
analytes for 3 min, the operation proceeded to stage (D), where the split valve 
of PTV was reopened to vent out the residual solvent and volatiles at 20 
mL/min, while the GC temperature program and MS time program started for 
GC-qMS analysis. The performance of the optimized scLVI on PTV for GC-





Figure 2.12 Schematic diagram representation of optimized analysis 
conditions for scLVI method 
 
 
2.3.4 Method performance  
2.3.4.1 Method precision 
 
Figure 2.13 represents the TIC of the test sample (whisky) analysed under the 
most favourable analytical conditions, as described in section 2.3.3. The 
repeatability of the developed method was studied based on the thirty most 
abundant tentatively identified compounds in the whisky sample.  
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Figure 2.13 The total ion chromatogram (TIC) of 50 µL whisky sample 
obtained from scLVI on PTV for GC-qMS analysis on a non-polar column 
(Rxi-5MS SilMS). US: unidentified sugar, UC: unidentified compound. Peak 
identification: 1: furfural, 2: guaiacol, 3: PEA, 4: Octanoic acid, 5: ethyl 
octanoate, 6: catechol, 7: 5-hydroxymethylfurfural, 8: WL, 9: syringol, 10: 
decanoic acid, 11: ethyl decanoate, 12:US, 13: US, 14: vanillin, 15: US, 16: 
dodecanoic acid,  17: ethyl dodecanoate, 18: isoamyl decanoate, 19: US, 20: 
UC, 21: tetradecanol+syringaldehyde,  22: ethyl tetradecanoate, 23: tetradecyl 
acetate, 24:3,4,5-trimethoxyphenylacetic acid+Syringic acid, 25: hexadecanol, 
26: ethyl 9-hexadecenoate, 27: ethyl hexadecanoate, 28: 2-phenylethyl 
dodecanoate, 29: methyl stearate (IS), 30: ethyl-9-octadecenoate 
 
 
Table 2.2 demonstrated that the current method exhibited good precision for 
retention time and peak area of TIC. The RSDs were within 0.15 % for 
retention time and below 5 % for peak area. 
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Compound name Retention time (min) Peak area 
Mean SD %RSD Mean  SD %RSD 
                
1 Furfural   9.577 0.004 0.04 1.14E+07 4.66E+05 4.11 
2 Guaiacol  15.171 0.004 0.03 4.77E+06 2.19E+05 4.60 
3 Phenylethyl Alcohol   15.884 0.003 0.02 2.60E+07 9.73E+05 3.74 
4 Octanoic acid 16.702 0.003 0.02 4.89E+07 1.25E+06 2.56 
5 Ethyl octanoate 17.295 0.008 0.05 2.18E+06 4.45E+04 2.04 
6 Catechol  17.361 0.011 0.06 8.64E+06 3.93E+05 4.55 
7 5-Hydroxymethylfurfural  18.315 0.019 0.10 8.48E+06 2.57E+05 3.03 
8 Whiskey lactone  21.116 0.005 0.02 3.15E+06 1.35E+05 4.28 
9 Syringol   21.659 0.006 0.03 5.95E+07 2.10E+06 3.52 
10 Decanoic acid 21.736 0.009 0.04 3.06E+07 1.32E+06 4.32 
11 Ethyl decanoate 22.336 0.007 0.03 3.23E+07 6.37E+05 1.97 
12 US 22.740 0.025 0.11 9.39E+06 4.01E+05 4.27 
13 US 22.989 0.029 0.13 1.28E+06 4.71E+04 3.67 
14 Vanillin  23.206 0.009 0.04 6.61E+06 2.60E+05 3.94 
15 US 23.793 0.022 0.09 2.62E+06 9.33E+04 3.56 
16 Dodecanoic acid  26.488 0.011 0.04 3.04E+07 1.27E+06 4.16 
17 Ethyl dodecanoate  27.216 0.005 0.02 1.29E+08 1.68E+06 1.30 
18 Isoamyl decanoate 28.442 0.004 0.02 5.84E+06 1.20E+05 2.06 
        
        
        
59 
CHAPTER 2 
Table 2.2 (continued) 
Peak 
ID 
Compound name Retention time (min) Peak area   
 Mean SD %RSD Mean  SD %RSD 
        
19 US 28.522 0.043 0.15 3.19E+06 1.18E+05 3.70 
20 UC 28.898 0.011 0.04 2.40E+06 9.21E+04 3.83 
21 Tetradecanol +  
  
29.297 0.008 0.03 5.01E+07 3.73E+06 7.44 
22 Ethyl tetradecanoate  31.677 0.006 0.02 2.39E+07 5.91E+05 2.47 
23 Tetradecyl acetate 31.976 0.006 0.02 2.86E+06 8.45E+04 2.96 
24 3,4,5-
 
      
32.884 0.007 0.02 1.63E+06 5.17E+04 3.18 
25 Hexadecanol  33.713 0.006 0.02 3.72E+07 1.41E+06 3.78 
26 Ethyl 9-hexadecenoate  35.517 0.006 0.02 4.13E+07 1.38E+06 3.34 
27 Ethyl hexadecanoate 35.832 0.007 0.02 2.32E+07 7.21E+05 3.11 
28 2-Phenylethyl 
  
37.545 0.006 0.02 3.77E+06 1.64E+05 4.34 
29 Methyl stearate (IS) 38.441 0.006 0.01 1.06E+07 4.55E+05 4.28 
30 Ethyl-9-octadecenoate 39.272 0.006 0.01 2.62E+06 1.14E+05 4.35 
                
 
US: Unidentified sugar/sugar derivative  
UC: Unidentified compound 
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2.3.4.2 In-liner enrichment  
 
The in-liner enrichment factor (EF) of the newly developed scLVI technique 
was calculated by comparing to the most widely used classical hot splitless 
injection technique. The signals obtained from these two injection techniques 
are presented in Figure 2.14. 
 
Figure 2.14 Overlay TICs of whisky. The black TIC was obtained from 50 µL 
whisky injection by scLVI on PTV, while the pink was obtained from 1µL 
whisky by classical hot splitless injection with 1 min sampling time 
 
 
In this study, the enrichment factor (EF) of each analyte for the proposed 
method was defines as the area ratio of analyte from the scLVI method against 
hot splitless injection method. Table 2.3 reveals that the EFs calculated for the 
seven analytes in the whisky samples, were in the range of 33 (for PEA) to 
140 (for C16FAEE). The data shows that the EF of the analyte of interest was 
strongly related its volatility in which the EF increases with analyte’s boiling 
points (BP). With a BP gap of 150oC between PEA (BP 218 oC) and 
C16FAEE (BP 342 oC), the EF could be improved by about 4-fold. Generally, 
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volatile congeners, with boiling point below or close to that of the solvents 
were not trapped and chromatographed properly. Since the injection volume of 
the LVI was 50 times of the hot splitless injection for this experiment, the EF 
of 50 likely represents 100% recovery of the developed method compared to 
the classical hot splitless method. 
 
Table 2.3 The enrichment factor (EF) of analytes for 50 µL injection (n=3) by 
scLVI method against 1 µL injection under classical hot splitless injection 




Analyte Mean RT BP Mean peak area EF 
No. (min) (°C) (A) (B) 
       
1 PEA 15.830 218 34385885 1052448 33 
2 WL 21.000 247 3768173 74169 51 
3 C10FAEE 22.170 245 51080420 1474300 35 
4 C12FAEE 27.095 269 190782696 2045750 93 
5 C14OH 29.250 289 62555287 477978 131 
6 C14FAEE 31.655 295 38116034 279151 137 
7 C16FAEE 35.855 342 44689157 318097 140 
       
 
RT: retention time, BP: boiling point, (A): mean peak area obtained form 50 
µL injection by scLVI method, (B): mean peak area obtained from 1 µL 
injection under classical hot splitless injection method at 1 min sampling time, 
EF = (A)/(B) 
 
 
In classical hot splitless injection, injector overflow occurs when the volume 
of the solvent vapour is too large to be accommodated by the liner. This 
causes sample constituents to leave the injector via the septum purge or 
penetrate into the carrier gas supply line. This phenomenon is commonly 
known as injection discrimination effect [24]. The EF above 50 could be 
explained by this occurrence. The higher the boiling point of the analyte, the 
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higher the discrimination effect will be. Hence, the EF value would be much 
increased for those high boilers such as C14OH, C14FAEE and C16FAEE. 
Overall, the newly developed injection method highlights the good extraction 
performance for analytes with boiling points above ca. 250 oC as compared to 
hot splitless injection method. 
 
2.3.4.3 Method ruggedness 
 
The method ruggedness against the variation of ratio for ethanol-water matix 
was investigated with three pairs of diluted whisky samples (namely Set 1 - 3). 
The pure whisky (with 40% ABV) used for method optimization was diluted 
either with water or ethanol respectively to generate 3 sets of sample pair with 
different ratio of ethanol-water matrices. The concentration of analytes in the 
diluted samples in each sample pair obtain should be the same. 
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Figure 2.15 illustrated that the peak area for the analytes of the same 
concentration increases with the percentage of ethanol content. Comparing the 
data of the diluted sample pairs as shown in Table 2.4, the area ratio of Set 1 
to Set 3 increased indicating that the analytes enrichment were further 
enhanced when the ratio of the ethanol to water increased. This implies that in-
liner enrichment factor of the method developed was highly dependent on the 
sample matrix composition ratio, not rugged to changes in ethanol-water 
composition. The data also indicated that it is difficult to enrich the analytes 
when water content is higher for aqueous based matrix.  
 
Table 2.4 Area ratio of diluted sample Set 1, 2 and 3 
 
Area ratio of 
Set 1 Set 2 Set 3 
 (45 ABV / 35 ABV) (50 ABV/30 ABV) (60 ABV/20 ABV) 
2 2 2 
1 1 2 
1 1 2 
2 2 2 
2 2 2 
2 2 3 
2 3 3 
 
 
2.3.5 Comparative studies 
 
Alcoholic beverage such as aged premium commercial spirit (e.g. whisky and 
brandy) contains a wide concentration range (high mg/L to low ng/L) of 
volatiles and semivolatiles congeners in an ethanol-water matrix. Complete 
chemical profiling of the alcoholic beverages by a single GC-qMS is still 
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practically impossible by today technology. To profile the high abundance 
semivolatile congeners in whisky, direct injection liquid sample in split mode 
is preferred over headspace gas analysis. For trace analysis, however, several 
extraction methods for selective analytes enrichment from ethanol-water 
matrix have been widely applied prior to splitless injection as per discussed in 
2.1.1. 
 
The present scLVI method was compared to hot split liquid injection of 
whisky, MMSE followed by hot splitless injection and SPME, then followed 
by thermal desorption with cold split injection. The chemical profiles of the 
whisky sample analysed by these techniques was listed in Table 2.5. 
 
The TIC of direct 1 µL injection of whisky sample (spiked with 200 mg/L 
each 3-pentanol, IS1 and 3-octanol, IS2) into hot injector with split ratio 20:1 
is shown in Figure 2.16. Substantial amount of ethanol-water matrix entering 
the GC was unavoidable. The ethanol and elution position of water are 
labelled and highlighted in blue in Figure 2.16 (B). The signal of water peak 
was intentionally suppressed by MS scanning from m/z 35 onward starting 
from retention time 3.5 min. Hence, two volatiles (propanol and isobutanol) 
could be identified confidently even if they were to co-elute with the water 
peak. As observed, the volatile congeners are the major constituents detected 






Table 2.5 Comparison of scLVI on GC-qMS method with other methods for chemical profiling of whisky sample (the 15 most 




Compound name CAS no. MW BP, oC 
SI Normalized peaks area, % 
HS scLVI MMSE SPME 
1 Acetaldehyde   75-07-0 44 20 96 1.5    2 Ethyl Acetate  141-78-6 88 74 98 10.5    3 Propanol   71-23-8 60 97 96 16.4    4 Isobutanol 78-83-1 74 105 97 22.0    IS1 3-Pentanol (IS1) 584-02-1 88 115 97 
    6 Isoamyl alcohol  123-51-3 88 131 98 39.9  7.0  7 Furfural  98-01-1 96 162 95 0.5    IS2 3-Octanol (IS2) 589-98-0 102 169 92 
    8 Ethyl octanoate 106 -32-1 172 207 93 0.9  5.5 ● 9 Phenethyl alcohol 60-2-8 122 218 98 1.5 4.7   a Isobutyl dodecanoate 3781-72-6 256 265 95    ● 
11 Octanoic acid  124-07-2 124 239 97 0.7 6.7 0.6  12 Ethyl decanoate 110-38-3 200 242 97 2.2 6.5 26.2 ● 
13 Tetradecanol 112-72-1 214 263 94  10.2 4.2 ● 
14 Decanoic acid 334-48-5 154 269 96 1.0 5.9 3.2 ● 
15 Ethyl dodecanoate 106-33-2 228 269 96 1.7 25.4 28.9 ● 
16 Isoamyl decanoate 2306-91-4 242 281 96  1.1 1.1 ● 
17 Vanillin 121-33-5 152 282 97  1.8   
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Table 2.5 (continued)      
Peak 
ID  
Compound name CAS no. MW BP, 
oC 
SI Normalized peaks area, % 
HS scLVI MMSE SPME 
18 5-Hydroxymethylfurfural 67-47-0 126 291 92  2.2   19 Dodecanoic acid 143-07-7 200 299 97 0.5 9.1 4.2  20 Ethyl tetradecanoate 124-06-1 256 NA 97  4.9 4.1 ● 21 Hexadecanol 36653-82-4 242 311 98 0.3 7.6 0.4 ● 
22 Hexadecanoic acid 57-10-3 256 340 93   0.5 ● 23 Ethyl 9-hexadecenoate 54546-22-4 282 NA 94 0.5 8.5 8.3 ● 
24 Ethyl hexadecanoate 628 -97-7 284 NA 96  5.2 5.4 ● b 2-Phenylethyl decanoate 61810-55-7 276 368 85    ● 
25 Ethyl oleate 111-62-6 310 NA 94  0.2 0.4 ● 
c Ethyl octadecanoate 11-6-5 312 NA     ● 
Total 
  
     100.0 100.0 100.0  
 
MW: molecular weight, BP: boiling point, SI: similarity index of MS database search, HS: 1 µL of whisky directly injected under 
hot split injection (split ratio 20:1), scLVI: 50 µL of whisky directly injected under speed controlled with solvent vent large 
volume injection, MMSE: 1 µL of whisky extract obtained from monolithic material sorptive extraction (MMSE) injected under 
hot splitless injection (sampling time 0.5 min), SPME: Thermal desorbed whisky extract in SPME fiber at cold split injection 
(split ratio 1:10), the SPME data obtained from literature [69], which is a summary data of three different fibers of SPME 
(PDMS,DVB-CAR and PA) extracted from 17 mL of liquid whisky. PDMS: poly (dimethylsiloxane), DVB-CAR: 




Figure 2.16 TIC obtained from 1 µL injection of whisky (spiked with 200 
ppm each 3-pentanol, IS1 and 3-octanol, IS2) run under classical hot split 
injection at split ratio 20:1; eluted on a polar column (Stabilwax-DA).  Peak 
identification: refer to Table 2.5. (B): TIC for enlargement of (A) on y-axis 
 
 
To ensure the volatiles were eluted away from the two major solvent peaks in 
addition to make sure that the analytes would chromatograph in good peak 
shape, high polarity column (Stabilwax-DA) was employed. Direct sample 
injection in split mode revealed fully the volatiles with boiling points below 
150 oC as major constituents which are represented by isoamyl alcohol (peak 
6), isobutanol (peak 4), propanol (peak 3), ethyl acetate (peak 2) and 
acetaldehyde (peak 1). These four volatiles (blue region in Table 2.5) 
contributed more than 90% of the congeners detected in whisky. The 
concentration for the rest of the LVCs were estimated to be at low percentage 
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or even mg/L level by visual comparison of their peak areas against those of 
internal standards.  
 
Figure 2.17 TIC of 50 µL whisky sample injected by scLVI on PTV eluted on 
a non-polar column (Rxi-5SilMS). [73], Peak identification: refer to Table 2.5 
 
 
Comparatively, for 50 µL of whisky using scVI on PTV, the chemical profile 
of the same whisky sample was very much different from hot split injection as 
shown in Figure 2.17. The volatiles with boiling point below 200 oC were of 
very low intensity due to them being lost through venting exit together with 
ethanol-water base solvent. In comparison with hot split injection, the 
enrichment of the LVCs could be clearly observed for those boiling points 
above 200 oC.  
 
Figure 2.18 illustrate the chemical profile of whisky after selective extraction 
and pre-concentration by MMSE. The semivolatile congeners with boiling 
point above 200oC were enriched and detected well. In addition, isoamyl 





Figure 2.18 TIC of 1 µL MMSE extract of whisky sample injected on 
classical hot splitless injection at 0.5 min sampling time; eluted on a polar 
column (Stabilwax-DA).  Peak identification: refer to Table 2.5  
 
 
As shown in the red region of Table 2.5, the chemical profile of whisky 
obtained by scLVI, MMSE and SPME methods were comparable. Hence, this 
implies that the scLVI technique would be able to serve as an effective 
technique to enrich LVCs as per MMSE and SPME method. In other words, 
sample pre-treatment for extraction and pre-concentration of semivolatiles 
could be eliminated by using scLVI technique. 
  
The running cost per sample for scLVI is slightly higher compared to MMSE 
method. Nonetheless, the method eliminates off-line sample preparation. It is 
simple, sample saving, time saving and enables full automation of the analysis 
sequence. By comparing the scLVI with the automated SPME method (Table 
2.6), the former requires much less sample with lower cost and time 
consumption as compared the latter. In addition, the SPME fiber is rather 
costly and fragile, and could potentially suffer from carry-over effects if 




Table 2.6 Comparison of the proposed scLVI method with other methods of 
extraction for analysis of semivolatiles in alcohol-water matrix sample  
 
Methodology scLVI MMSE  SPME 
    
Consumables Linera Monolithic silica 
  
Fiberb  
  cost/sample   S$ 1.6 S$ 1.0 S$ 3.0 
     
Sample volume 
needed   
1 mL 10 mL 17 mL 
    
Extraction + 
injection time 
~ 17Min for  
50 µL injection 
> 60 min ~ 30 min 
    
Automation Yes  No (off-line) Yes 
    
carry-over No No Yes 





a cost calculation based on assumption that liner was changed after every 50 
sample runs 
b cost calculation based on on assumption that SPME fiber was changed after 
every 100 sample runs 
 
 
2.3.6 Analysis of distilled alcoholic beverage samples 
 
The method was optimized by using whisky with 40% ABV, and its 
enrichment factor is sensitive to the composition ratio of ethanol-water matrix. 
Hence, all the distilled beverages were first adjusted to 40 %AVB, and then 





The LVCs profile of the various distilled beverages were tentatively identified 
using three commercial databases. The 10 most abundant compounds from 
each sample were summarized and tabulated in Table 2.7. The TICs of the 
distilled alcoholic beverage samples are displayed in Appendix 2.1. The peak 
profile of the high abundance less volatiles congeners is unique for different 
category of samples.  
 
 




From Figure 2.19 and Table 2.7, it can be observed that there were some slight 
variation in concentrations and components for a given category of whisky 
(Sample W1 to W5, the blended malt Scotch whiskies from different brands) 
but generally the peak profile of the TICs were consistent. However, Figure 
2.20 reveals that the composition of the less volatiles of corn-based whiskies 
such as Bourbon (W6) and Tennessee whiskey (W7) were different from those 
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malt based Scotch whisky. The overall signal in TICs for Bourbon (W6), W8 
(with unknown source of raw material) and the low cost malt whiskies (W9 
and W10) are relatively lower, compared with the internal standards indicated 
that these samples contain much lower content of less volatiles congeners. In 
contrast, Scotch whiskies (W1 – W5) and Tennessee whisky (W7) are richer 
in LVCs which may have largely defined its aroma, flavour and mouth feel.  
 
 
Figure 2.20 TICs showing the chemical profiles for different kinds of whisky 
 
 
Another category of samples rich in LVCs are Cognacs representing by B1 to 
B4 (refer to the peak profile in TICs at Appendix 2.1). The major components 
in these Cognacs are furanic compounds, which are relatively at lower boiling 
points compared to those found in Scotch whiskies. 
 
Gin, a category of spirit known as herbal medicines, derives its predominant 
flavour from juniper berries [73]. As highlighted in blue in Table 2.7, its LVCs 
73 
CHAPTER 2 
were uniquely made up by essential oils. Rum, a distilled alcoholic beverage 
made from sugarcane by-products such as molasses [74], contains some low 
level of LVCs in its TIC. Vodka is the ‘cleanest’ sample with its chemical 
profile only showing traces of flavourings.  
 
From the results of these real sample analyses, different category of distilled 
beverages clearly demonstrated distinct differences in their chemical profiles. 
This implies that the scLVI on GC-qMS method developed is a simple and 





Table 2.7 Summary result of the 10 most abundant LVCs in distilled alcoholic beverages analysed by scLVI on GC-qMS method 
 


























4 V G R 
1 Acetic Acid 60                ● ● 
2 Acetol  92          ●     ●   
3 Propylene glycol 99         ●      ●  ● 
4 Furfural 97      ●   ● ● ● ● ● ●   ● 
5 2(5H)-Furanone 96         ●         
6 2-Methylcyclopentanone, 
3-Methylcyclopentanone 
87         ●         
7 1,2-Cyclopentanedione 87           ●  ●     
8 5-Methyl-2(5H)-furanone 93           ●       
9 1-Acetoxy-2-butanone 84             ●     




85             ●     
12 Butanoic acid 85                 ● 
13 Myrcene 96                ●  
14 Diethylene glycol 
monoethyl ether 
97               ●   
15 Dipropylene glycol 
monomethyl ether 
94               ●   
16 Dipropylene glycol 85               ●   
17 1,2,3-Propanetriol  97                 ● 
18 3-Methyl-1,2-
cyclopentanedione 
96                                 ● 
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Table 2.7 (continued)                   
                    



























4 V G R 
 
 
                  19 Orcinol 82 ● ●  
20 2,5-Furandicarboxald 
ehyde 
82             ● ●    
21 Hexanoic acid, 2-ethyl- 84               ●   
22 UC              ●     
23 Terpinolene 97                ●  
24 p-Guaiacol  96       ● ●          
25 2,3-Dihydro-5-hydroxy-6-
methyl-4H-pyran-4-one 
84              ●    
26 Phenethyl alcohol  89  ● ● ● ● ● ● ●  ●        
27 Octanoic acid  97 ● ● ● ● ●         ● ●  ● 
28 Pyranone 92         ●  ● ●  ●    
29 Butyl diglycol 93               ●   
30 Catechol  95       ● ● ● ●       ● 
31 4-Terpineol 95                ●  
32 3,5-Dihydroxy-2-methyl-
4H-pyran-4-one 
94            ●      
33 5-Hydroxymethylfurfural  92   ● ●  ● ● ● ● ● ● ● ● ●    
34 Geranoil 96                ●  
35 beta.-Methyl-.gamma.-
octalactone 
95       ● ●          
36 Decanoic acid 96 ● ● ● ● ● ●   ● ● ● ●  ●   ● 
37 Syringol 96       ● ●          
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Table 2.7 (continued)             
 
      
                    




























V G R 
38 Geranyl Acetate 96                ●  
39 Ethyl decanoate 97 ● ● ● ● ● ●     ●      ● 
40 Vanillin  97       ● ●          
41 Dodecanoic acid 97 ● ● ● ● ●      ●       
42 delta.-Cadinene 93                ●  
43 Ethyl dodecanoate 96 ● ● ● ● ● ●    ● ●   ●    
44 Syringaldehyde 84       ● ●          
45 Tetradecanol 94 ● ● ● ● ●             
46 alpha.-Cadinol 92                ●  
47 Methoxyeugenol  92       ● ●          
48 Ethyl tetradecanoate 97 ●                 
49 Hexadecanol  98 ● ● ● ● ●             
50 Ethyl 9-hexadecenoate  94 ● ● ● ● ● ●            
51 Ethyl hexadecanoate  96 ● ●   ● ●    ●        
52 Sinapinaldehyde 91       ● ●          
53 5,5'-(Oxydimethylene)-di-
2-furaldehyde 
86           ● ● ●     
                    
UC: unidentified compound  
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2.4 Conclusion  
 
A GC-qMS method with direct LVI technique termed as scLVI was developed 
for chemical profiling of LVCs in distilled alcoholic beverages. After careful 
optimization in this study, as low as 3 µL/min of sample introduction rate was 
applied to inject 50 µL of sample into the PTV held at 50 oC with 100 mL/min 
of solvent split vent, followed by an additional 3 min dry purge, were finalized 
as the most favorable conditions. 
 
The direct injection of distilled alcoholic beverages samples by scLVI enable 
enrichment of LVCs within the liner of PTV housed on the GC-qMS. The 
method revealed that the analytes with boiling point above 250 oC could be 
enriched effectively from ethanol-water matrix sample as compared to hot 
splitless injection. Acceptable qualitative and quantitative precisions of the 
method were demonstrated by low RSDs of retention time (within 0.15 %) and 
peak area (below 5 %) respectively. Due to the high expansion volume and 
high latent heat of water, the method developed is sensitive to the changes in 
ethanol-water matrix composition. 
 
The comparable chemical profiles of test sample (whisky) obtained from 
scLVI, MMSE and SPME methods demonstrated that the sample pretreatment 
procedures for extraction and pre-concentration of LVCs could be potentially 
eliminated. This implies that newly developed method fortified with 
78 
CHAPTER 2 
comparable “in-liner enrichment” capability for LVCs which is the most 
important benefit of the method proposed.  
 
In addition the real distilled beverage samples analysis successfully revealed 
unique chemical profile for different category of distilled alcoholic beverages 
also signposted and reassured that the scLVI removes the need for extensive 
sample preparation on concentration of LVCs. It is a fully automated, more 
efficient, faster, simple and economical technique for analysis of LVCs in 




CHAPTER 3 CHEMICAL PROFILING OF LESS VOLATILE 
CONGENERS BY scLVI ON GC-qMS FOR CLASSIFICATION AND 
DETECTION OF ADULTERATION OF BRANDIES 
 
3.1 Introduction  
3.1.1 The counterfeit issues of brandy 
 
Brandy is one of the oldest distilled alcoholic beverages in the world, 
originating from French area of Charentes. The general term “brandy” applies 
to any liquor obtained from distilling wine or the fermented juice of any fruit. 
Generally, it is artificially coloured with caramel. Premium brandy are aged in 
oak barrels for many years and present a complex aroma [75-78]. The term 
"brandy" denotes grape brandy, unless otherwise specified. 
 
The Cognac is a type of tasty brandy protected by an origin appellation. It 
must be only produced in the Cognac region of France, made from specified 
grapes (Ugni blanc) in a certain production method: double distilled and aged 
for at least two-years in French oak barrels [79]. French Cognac is produced 
following strict manufacturing requirements with a class of its own. It is 
clearly distinguished by uniform and unique characteristics not found in any 
other grape brandies. As such, it occupies an elite position in the liquor trade 




The manufacturing process of Cognac consists of the following stages: 
preparation of Cognac wine materials by natural fermentation, double 
distillation of wine materials to obtain Cognac spirit, maturation of young 
cognac spirits in toasted oak wood barrels, blending of aged Cognac spirits 
and refining of the blend, filtration, relaxation, and finally bottling [75]. All 
branded Cognac manufacturers have their own exclusive way of production 
that preserves the uniqueness and consistency of their quality.  
 
Different grades of Cognacs are produced by all brands. The quality is graded 
in several official tiers, which reflecting how long the spirit has spent in barrel: 
VS (Very Special) designates the youngest brandy which has been stored for 
at least two years in cask; VSOP (Very Special Old Pale) is the middle tier and 
denotes at least four years of storing; XO (Extra Old), the finest grade, is 
reserved exclusively for those cuvees aged for six years or more. The 
commonly seen  phrase, Hors d'Age, is used for Cognacs aged beyond any of 
the official age statements [79]. 
 
Making false claims (generic authenticity) and brand defrauded (brand 
authenticity) on origin and copying genuine brands are the common ways of 
counterfeiting [81]. As a result, not only consumers are defrauded, but owners 
of genuine brands lose their business, generic and brand authenticity. 
Governments also lose tax revenues. The spate of counterfeit alcohol incidents 
in recent years highlight the dangers in the region. National review (USA) 
April 16, 2013 reported on an interview with a restaurateur who specializes in 
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wine who told the TimeOut Shanghai that his best guess is that up to 80 
percent of the city’s alcohol is not genuine - either not meant for consumption 
or an inferior substitute marketed as a higher-priced brand [82]. The World 
Health Organization has also revealed that in Southeast Asia, homebrew and 
other illegally procured beverages account for 69 percent of overall alcohol 
consumption. Similarly in Europe, 70% of the Cognac on Russian store 
shelves is counterfeit [83]. As such, there is a need for official methods of 
instrumental analysis and new approaches to revealing different falsifications 
[80, 84]. 
 
3.1.2 The importance of LVCs in brandy 
 
It is well-known that the physicochemical and organoleptic properties of 
brandy are closely related to the content and concentration of less volatile 
congeners (LVCs) in alcoholic beverages [59]. Aging of distillates in wooden 
casks (mostly oak casks) over a long period of time passes on very 
characteristic flavour different from that of a fresh distillate. The changes 
could be due to the extraction of wood compounds, decomposition of wood 
macromolecules and extraction of their product into distillate, reaction of 
wood compounds with constituents of raw distillate, reaction of wood 
extractives alone, reaction of distillates component and evaporation of 




The contact of Cognac spirit with toasted oak results in the saturation with 
phenolic and furanic compounds, phenols, lactones and acids. These include 
vanillin, ethylvanillin, vanillic acid, syringaldehyde, syringic acid, gallic acid, 
furfural, 5-hydroxymethylfurfural, ellagic acid, ferulic acid, guaicol, eugenol, 
β-methyl-γ-octalactone, dodecanoic acid, etc [78, 88]. The flavour and quality 
of a distilled beverage depends on the abundance and odour thresholds of 
these less LVCs. However, it is not always proportionally linked to the 
abundance of these compounds. The flavour and quality, instead, are closely 
related to the odour impact of low sensory threshold trace level components. 
Therefore, these compounds are often used as markers of quality and 
production continuity, and are also used in authentication and counterfeit 
investigations [88].  
 
3.1.3 Multivariate data analysis of instrumentation data 
 
There are various ways of adulteration found in the market. The most common 
way adulteration of Cognacs is partial substitution by rectified ethanol and 
water. Other counterfeit manners such as artificial colouring with caramel 
(burnt sugar) and flavouring with vanillin are easily disclosed by tasting. 
Improved sweetness and fullness by the addition of glycerol to young spirit or 
verification of declared term of maturation (age) are much more difficult to 
detect, and as such, will require additional sample pre-treatment procedures 




Tasting by expert is one of the most traditional methods to reveal the 
adulteration caused by dilution, vanillin flavouring and caramel colouring. 
However, there are many analytical techniques developed and assigned for 
detection of adulteration, such as the direct injection of distilled beverages into 
GC-TOF MS which reveals glycerol adulteration by comparing mass pattern 
LVCs and the distinct peak of glycerol and its coexisting impurity, propylene 
glycol [89]. In year 1999 and 2011, V.N. Vlassov et al. and N.N. Sarvarova, et 
al illustrated how the TICs profile of GC-qMS for the LVCs in distilled 
beverages extracts could be used to determine the age of brandies and Cognacs 
[75, 80] 
 
Recently, multivariate analysis (MVA) of instrumentation data (spectroscopy 
and chromatography) [84, 90-92] was applied for evaluation of authenticity, 
classification and discrimination of Cognacs and other distilled beverages. 
Gonzalez-Arjora et al. 2009 [80, 93] developed a method based on the 
determination of four targeted higher alcohols by headspace GC-qMS for 
authentication and differentiation of Irish whiskies. This was accomplished by 
submitting GC-qMS data of the target analytes (propanol, 2-methyl-1-
propanol, 3-methyl-1-butanol and 2-methyl-1-butanol) for PCA analysis. 
Besides, spectroscopic techniques such as near infrared (NIR) [94] , mid 
infrared (MIR) [95], Fourier transform infrared (FTIR) [96] and front face 
fluorescence spectroscopy combined with MVA technique (PCA, SIMCA, 
PLS-DA) [97] were demonstrated as attractive screening methods for 
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characterization, classification, adulteration verification (mainly dilution) and 
discriminant analysis of DABs (whisky, brandy and vodka) [94, 96-99]. 
 
French Cognac is one of the most popular distilled beverages which 
commands a premium price in Asia region. It is not surprising that Cognac has 
become the prime target for adulteration in the market. Hence, there is a 
growing consumer awareness and demand for analytical method to reassure 
the reliability in the examination of authenticity and the detection of 
adulteration, to ensure the integrity of the Cognacs.  
 
The aim of this chapter is to characterize the LVCs in Cognacs by using scLVI 
on PTV with solvent venting for GC-qMS in-liner enrichment method as 
described in Chapter 2. Subsequently, the chemical profiling data of the LVCs 
were subjected to multivariate analysis, to authenticate and classify the 
Cognacs and brandies according to their quality grade and brand. The 
application is also extended to the detection of adulteration of brandies. The 
chemical profile of the LVCs will, hopefully, not only serve for classification 
and detection of adulterant, but also offer logical explanations on the 





3.2 Materials and methods  
3.2.1 Chemicals and materials 
 
CHROMASOLV® absolute ethanol (≥ 99.8 %) and methyl tridecanoate (> 
97 %) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The 
ultrapure water used in all experiment was produced by Mili-Q water 
purification system of Millipore (Billerica, MA, USA). The n-alkane standard 
mixture (100 - 200 µg/mL of C7 - C33 in n-hexane) used as custom retention 
time index standard was acquired from Restek Corporation (Bellefonte, PA, 
USA). 
 
3.2.2 Sample information and preparation 
 
Eight wine brandies of different brands and grades were purchased from 
different countries for this study (Table 3.1). Cognacs from France are the 
most popular grape brandy in the region. Thus, six out of eight grape brandies 
selected for this study were French Cognacs. About 20 mL of each alcoholic 
beverages was transferred into a 22 mL headspace Teflon-line screw cap vial 
and stored under 4 °C until they were analysed. The low cost grape brandies 
(Brand-MD and Brand-Co) were first adjusted to 40 % alcohol by volume 




Table 3.1 List of wine brandy samples 
 










      




Brand-Ma V21 - V26 93 VSOP 40.0 
Brand-Re V31 - V36 92 VSOP 40.0 
Brand-Or V41 - V46 81 VSOP 40.0 
Brand-Co V51 - V56 74 VSOP 40.0 
Brand-Ca V61 - V63 80 VSOP 40.0 
Brand-He X11 - X16 334 XO 40.0 
Brand-Ma X21 - X24 281 XO 40.0 
Brand-Re X31 - X36 275 XO 40.0 
Brand-MD B71 - B79 13 Brandy1 
India 
42.8 
Brand-Go B81 - B83 12 Brandy1 42.8 
      
 
1 the low cost brandy with the unknown quality grade, % ABV: % alcohol by 
volume (a standard measure of the amount of ethanol contained in an alcoholic 
beverage expressed as a percentage of total volume). 
 
 
Food grade ethanol and a low cost grape brandy, B7, were chosen as 
adulterants. At first, the food grade ethanol and B7 low cost grape brandies 
were first adjusted to 40 % ABV. Successively, a 6-times dilution of VSOP 
and XO grade Cognacs were conducted by using these adulterants to form two 
categories of binary mixture with 40 % ABV. These binary mixtures were 
known as spiked samples and they were subdivided into 4 series namely v, x, 




Besides, another three suspected “fake” VSOP grade Cognacs samples 
obtained from neighboring countries were also analyzed. These Cognacs were 
labeled as Brand-He, Brand-Ma and Brand-Re on the bottles and named as 
FV1, FV2 and FV3 series in this study (Table 3.2). 
 
Methyl tridecanoate was selected as internal standard for this analysis. 20 µL 
of 200 µL/mL internal standard (prepared in ethanol-water: 40-60) was added 
into 980 µL sample before GC-qMS analysis. The final concentration of 























VSOP v1  v11 - v13 Diluted 40.0 
Brand-He 
XO x1 x11 - x13 Diluted 40.0 
Brand-Ma 
VSOP v2  v21 - v23 Diluted 40.0 
Brand-Ma 
XO x2 x21 - x23 Diluted 40.0 
Brand-Re 
VSOP  v3 v31 - v34 Diluted 40.0 
Brand-Re 
XO x3  x31 - x33 Diluted 40.0 
                 Brand-He 





XO O1 O11 - O13 Adulterated 40.0 
Brand-Ma 
VSOP S2 S21 - S23 Adulterated 40.0 
Brand-Ma 
XO O2 O21 - Q23 Adulterated 40.0 
Brand-Re 
VSOP  S3 S31 - S33 Adulterated 40.0 
Brand-Re 
XO O3 O31 - Q33 Adulterated 40.0 
      
      Brand-He 
VSOP 





FV2 F21 - F23 Fake 40.0 
Brand-Re 
VSOP 
FV3 F31 - F34 Fake 40.0 
     
 
NA: Information not available, % ABV: % alcohol by volume (a standard 
measure of the amount of ethanol contained in an alcoholic beverage 




3.2.3 scLVI on GC-qMS analysis 
 
Analysis of semivolatile congeners in alcoholic beverages was performed on a 
Shimadzu GCMS-QP2010 series (Kyoto, Japan). The GC-qMS system is in-
built with GL Sciences Optic-4 PTV injector (Eindhoven, Netherland) and 
coupled to a Shimadzu AOC-5000 series auto-injector (Kyoto, Japan). 
Restek’s Rxi-5SilMS capillary column (20 m * 0.15 mm * 2 µm) (Bellefonte, 
PA, USA) was used for the GC separation and helium was used as carrier gas 
in this experiment.  
 
A 50 µL sample was injected at a speed of 3 µL/min into the PTV held at 50 
oC. The split and column flow were controlled at 100 mL/min and 0.2 mL/min 
respectively till the end of the sample injection. Three minutes after the 
sample injection had been completed, the split vent was closed and column 
flow was raised up to 0.5 mL/min and held thereafter for the whole analysis 
run. After the split valve was closed, a delay time of 0.1 min was employed 
prior to heating of the PTV at 240 oC/min upto 350 oC and held at this 
temperature till the end of analysis cycle. The trapped analytes were then 
thermally desorbed through splitless transfer into the column that was held at 
low temperature (40 oC). Next to thermal desorption for 3 min, the split valve 
was reopened and split flow was held at 20 mL/min while the GC temperature 
and MS time programs were started for GC-qMS analysis. The column oven 
temperature was programmed from 40 °C with an initial ramp at 20 °C/min up 
to 60 °C. Subsequently, raised at 10 °C/min and 5 °C/min up to 150 °C and 
90 
CHAPTER 3 
320 °C respectively and held at final temperature for 15 min. The MS was run 
under 70 eV, EI mode, scanned from mass to charge (m/z) 35 to 550 at 0.3 s 
scan interval. Interface and ion source were heated separately at 310 °C and 
250 °C. Acquired data were processed and tentative compound identification 
was performed with Shimadzu GCMSsolution software and three commercial 
mass spectra databases including National Institute of Standards and 
Technology (NIST08 and 08s), Wiley-7 EI mass spectra library and, Flavour 
and Fragrance Natural and Synthetic Compounds GC-MS library (FFNSC 
Library Ver.1.3). 
 
3.2.4 Pre-treatment of GC-qMS data for multivariate analysis 
 
The scan data collected from the GC-qMS was first qualitatively screened by 
using commercial mass spectra databases and retention index information 
from previous publications. Subsequently, an identification compound table 
(namely ID table) was constructed to tabulate the peak area of the detected 
peaks in the chromatograms. In this ID table, a single m/z (quantitation/target 
ion) was utilized to quantify each target congener. In addition, one or two 
reference ions were selected as confirmation ions to qualify the identity of 
peak. Instead of absolute peak area, the relative peak area (RPA) for the 
compounds were exported to SIMCAP+ software package version 1.3 
(Umetrics, Umea, Sweden) for multivariate analysis. The RPA of each 
compound was defined as 𝑥𝑥𝑖𝑖/𝑥𝑥𝐼𝐼𝐼𝐼, where 𝑥𝑥𝑖𝑖  is the peak area of quantitation ion 
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for peak 𝑥𝑥𝑖𝑖and 𝑥𝑥𝐼𝐼𝐼𝐼  is the peak area of m/z 74 for the internal standard (IS, 
methyl tridecanoate). 
 
3.3 Results and Discussion  
3.3.1 Chemical profiling of Cognacs  
 
Since no specific group of target analytes has been defined a priori, the non-
targeted analysis in the scan mode was performed to maximize the information 
gained. In this experiment, no authentic standard chemicals were utilized for 
determination of the LVCs in brandy samples. Instead, all the peaks detected 
by this analytical techniques were tentatively identified by using three 
commercial databases (NIST08 and 08s, Wiley-7 and FNSC Library Ver.1.3) 
along some other published references. Peaks with mass spectra having a 
similarity index (SI) higher than 70 % were assigned with compounds names 
while the rest of peaks were labelled as unknown phenolics compounds (UPC). 
The retention indices were experimentally determined on a non-polar Rxi-
5SilMS capillary column relative to C7 - C33 hydrocarbons for each peak and 
compared with literature in order to support or reassure the identification of 
the compounds. 
 
The qualitative profiling result of 9 authentic Cognacs (6 VSOP and 3 XO) 
purchased from reliable sources and the typical normalized mean value of 
RPA was tabulated in Table 3.3. A total of 63 compounds were tentatively 
identified and classified into 7 groups. The 5 congeners that exhibited typical 
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mass fragments of phenolic compounds (m/z 123, 151, 167, 180, 181, 182, 
210, 240, and 252) were tentatively labelled as unidentified phenolic 
compounds (UPC).  
The detected peaks were quantified by RPA. Here, the significant mass 
fragment was selected as quantitation ion (m/z designated in bold at Table 3.3) 
instead of the base peak, by considering the effect of both the uniqueness 
(related to selectivity) and abundance (related to sensitivity) of mass fragment 
for the analyte in the sample matrix. In place of using standards for calibration, 
the normalized mean RPA of the compounds for the 9 Cognacs sample were 
calculated and tabulated in Table 3.3. These semi-quantification figures 
represent the chemical profile of the LVCs in the Cognacs for further 
interpretation of experimental data. 
 
By using scLVI with solvent venting sample introduction technique, furanic 
and pyranic compounds appeared to be the most abundant components 
(59.28 %) in chemical profile of the Cognacs. Sugars (14.48 %) formed the 
second group. Next were the acids (13.75 %) and then the benzene derivative 
and phenolics (5.79 %). This was subsequently followed by the esters 
(5.18 %), ketone (1.17 %) and finally the lactones (0.35 %). This composition 
profile does not represent the actual composition of the sample because the 
only the semivolatiles (boiling points above 250 oC) were well-captured, while 
the volatiles were discriminated by this enrichment technique as described by 
the experiment data in section 2.3.4.2.  
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RPA ± SDf, 
 (%) 
         
 (1) Furans and pyrans        




39, 67 3.100 ± 0.223 
2 2-Furanmethanol 98-00-0 886 885c 90  39,81 98 0.311 ± 0.112 
4 2-n-Propylfuran  4229-91-8 898 841c 85  53, 81, 110 0.305 ± 0.176 
8 2-Acetylfuran 1192-62-7 939 878c 86  95, 110 0.687 ± 0.330 
10 Methylenesuccinic anhydride 616-02-4 959 1068c 94  39, 68 0.090 ± 0.057 
12 5-methyl furfural  620-02-0 984 920c 97 Almond, 
caramel, spicy, 
toasty 
53, 81, 110 5.225 ± 1.921 
13 2,4-Dihydroxy-2,5-dimethyl-
3(2H)-furan-3-one   
10230-62-3 999 1173c 92  43, 73, 101 0.290 ± 0.209 
14 2H-Pyran-2,6(3H)-dione  5926-95-4 1015 1098c 77  55, 84, 112 0.151 ± 0.074 
18 2,2'-Bifuran 5905-00-0 1061 1065c 87  78, 105, 134 0.085 ± 0.022 
20 5-Methyl-2-furyl)methanethiol   59303-05-8 1107 1036c 75  95, 128 1.860 ± 0.528 
24 4H-Pyran-4-one, 2,3-dihydro-
3,5-dihydroxy-6-methyl-  
28564-83-2 1175 1269c 95  44, 101, 144 2.311 ± 0.547 
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Table 3.3 (continued)        
Peak  








RPA ± SDf, 
 (%) 
         
26  3,5-Dihydroxy-2-methyl-4H-
pyran-4-one 
1073-96-7 1211 1193c 92  68, 113, 142 1.057 ± 0.354 
27 5-Formyloxymethyl-2-furfural NA 1237  81  79, 109, 126 0.340 ± 0.180 
28 Furfural acetone 623-15-4 1251 1085c   94, 121, 136 0.012 ± 0.005 
29 5-Hydroxymethylfurfural 
(5HMF) 
67-47-0 1252 1163c 83 Odourless 69, 97, 126 40.062  ± 10.311 
31 5-Acetoxymethyl-2-
furaldehyde 
10551-58-3 1317 1286c 95  79, 109, 126 0.539 ± 0.238 
38 2-Furancarboxaldehyde, 5-(2-
furanylmethyl) 
33488-56-1 1452 1442c   91, 147, 176 0.043 ± 0.007 
62 5,5'-Oxydimethylenebis(2-
furaldehyde)  
7389-38-0 2029  82  81 2.812 ± 1.322 
        Subtotal 59.280 ± 2.395 
         
 (2) Sugars        
41 US 2595-97-3 1546  72  57, 60, 73 13.010 ± 2.154 
49 US 7425-74-3 1646  73  43, 69, 73 1.469 ± 0.912 
        Subtotal 14.478± 0.878 
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Table 3.3 (continued)        
        
Peak  








RPA ± SDf, 
 (%)) 
         
 (3) Acids        
3 2-Hydroxypropanoic acid 79-33-4 895 838c 89   45 7.713 ± 3.314 
7 3-Hydroxypropanoic acid  503-66-2 930 919c 84   72, 60 0.168 ± 0.173 
16 Levulinic acid  123-76-2 1048 1011c 95   43, 56, 73 0.908 ± 0.483 
17 2-Furancarboxylic acid 88-14-2  1054 999c 90   39, 95, 112 0.236 ± 0.226 
22 Octanoic Acid  124-07-2 1161 1163a 95 Sweety, 
penetrating 
60, 73 1.700 ± 1.224 
33 Decanoic acid  334-48-5 1359 1372c 95 Rancid 60, 73, 129 2.427 ± 1.380 
42 Dodecanoic acid  143-07-7 1557 1571c , 
1581d 
90 Coconut oil 73, 60, 129 0.548 ± 0.221 
51 Tetradecanoic acid 544-63-8 1755 1769c 91 Soap 60, 73,129 0.039 ± 0.011 
58 Hexadecanoic acid 57-10-3 1958 1968c 95   60, 73, 129 0.007 ± 0.005 
65 9,12-Octadecadienoic acid 60-33-3 2141 2093c 85   55, 67, 81 0.007 ± 0.019 
             Subtotal 13.753 ± 0.596 
         
 (4) Benzene derivatives and phenolics       
19 1,4-Benzenediol, 2-methyl- 95-71-6 1091   83   95, 124 4.667 ± 3.332 
         





Table 3.3 (continued) 
         
Peak  








RPA ± SDf, 
 (%) 
         
 (4.1) Phenols 
32 4-Vinylguaiacol   7786-61-0 1338 1314a 90 Clove 107, 135, 150 0.031 ± 0.012 
34 Syringol 91-10-1 1368 1353a 93 Smoke, burn 
wood 
93, 139, 154 0.119 ± 0.066 
35 Eugenol  97-53-0 1377 1410c  69 Clove, honey, 
spicy, 
cinnamon 
137, 149, 164 0.006 ± 0.002 
39 Isoeugenol 97-54-1 1473 1410c  85 Spicy, clove, 
woody 
77, 149, 164 0.023 ± 0.008 
             Subtotal 0.179 ± 0.029 
         
 (4.2) Phenolic aldehyde        
37 Vanillin  121-33-5 1430 1399a 97 Vanilla, woody 81, 151, 152 0.198 ± 0.072 
50 Syringaldehyde 134-96-3 1687 1643a 95 Vanilla 181, 182 0.420 ± 0.175 
53 Coniferyl aldehyde  458-36-6 1772 1747a 81 Vanilla 107, 135, 178 0.022 ± 0.010 
61 Sinapinaldehyde 87345-53-7 2020 2002a  73 Vanilla  208 0.018 ± 0.014 
             Subtotal 0.657 ± 0.077 
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Table 3.3 (continued)        
         
Peak  









RPA ± SDf, 
 (%) 
         
 (4.3) Phenolic esters        
46 Ethyl vanillate 617-05-0  1608 1648a  71 Flower, vanilla, 
fruit, sweet 
151, 168, 196 0.042 ± 0.016 
                 
 (4.4) Phenolic ketones               
40 Acetovanillone 498-02-2 1519 1487a 82 Vanilla 108,151, 166 0.019 ± 0.004 
52 Acetosyringone  2478-38-8 1757 1744a 77   181, 196 0.037 ± 0.012 
             Subtotal 0.056 ± 0.006 
                 
 (4.5) Phenolic acid 
23 Benzoic acid 65-85-0 1168 1150c 71 Fruity 77, 105, 122 0.015 ± 0.005 
44 Vanillic acid  121-34-6 1578 1560c 81   168, 153 0.021 ± 0.015 
56 Syringic acid  530-57-4 1829 1749c 78   183, 198 0.006 ± 0.009 
             Subtotal 0.042  ± 0.005 
         
         
         




         
         
Table 3.3 (continued)        
         
Peak  









RPA ± SDf, 
 (%) 
         
 (4.6) Unknown phenolic compounds       
47 UPC   1614       123, 151 0.069 ± 0.026 
54 UPC   1787     167, 210 0.054 ± 0.031 
57 UPC   1885       167, 240 0.019 ± 0.011 
63 UPC   2049       180, 252 0.001 ± 0.001 
64 UPC   2060       181, 182, 210 0.002 ± 0.001 
             Subtotal  0.145 ± 0.001 
         
 (5) Esters        
21 Diethyl succinate  1070-34-4 1150 1141c 92   73, 101, 128 0.201 ± 0.126 
25 Ethyl octanoate 106-32-1 1191 1199b 92 Cook fruity 88. 101 0.466 ± 0.452 
30 Diethyl malate  7554-12-0 1290 1268d 85   71, 89, 117 0.004 ± 0.007 
36 Ethyl decanoate  110-38-3 1392 1398b 96   88, 101 2.159 ± 1.979 
45 Ethyl dodecanoate  110-38-3 1591 1597b 85 Sweet fruity 88, 101 1.727 ± 1.287 
55 Ethyl tetradecanoate 124-06-1 1790 1795b 97   88, 101 0.285 ± 0.130 
59 Ethyl 9-hexadecenoate 54546-22- 4 1975 1974b 90 Cook fruity 55, 88 0.021 ± 0.007 
60 Ethyl hexadecanoate 628-97-7 1990 1997b 96 Cook fruity 88, 101 0.226 ± 0.098 
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Table 3.3 (continued)        
         
Peak  









RPA ± SDf, 
 (%) 
         
66 Ethyl cis,cis-9,12-
octadecadienoate 
544-35-4 2168 2262b 85   55, 67 0.061 ± 0.024 
67 Ethyl (Z)-octadec-9-enoate 111-62-6 2176 2168b 85   55, 69 0.016 ± 0.006 
68 Ethyl octadecanoate  111-61-5 2191 2195b 80   88, 101 0.009 ± 0.005 
             Subtotal 5.175 ± 0.654 
         
 (6) Ketones        
6 4-Cyclopentene-1,3-dione 930-60-9 917 924c 89   68, 96 0.221 ± 0.117 
9 1,2-Cyclopentanedione  3008-40-0  953 942c 86   55, 69, 98 0.659 ± 0.194 
15 Corylon 80-71-7 1045 1026d 89   69, 83, 112 0.246 ± 0.144 
43 Guaiacylacetone 2503-46-0 1558 1538c 79   137, 180 0.049 ± 0.017 
              Subtotal 1.174 ± 0.074 
                 
 (7) Lactones               
5 alpha.-Angelica lactone 592-12-8 903 919c 84   43, 55, 98 0.193 ± 0.049 
11 beta.-Angelica lactone  591-11-7 962 868c 96   55, 83, 98 0.158 ± 0.076 
              Subtotal 0.350 ± 0.019 
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Table 3.3 (continued)        
         
Peak  









RPA ± SDf, 
 (%) 
         
 (8) Glycols 
69 Glycerol 56-81-5 984 967c 98   43, 61 ND 
70 Propylene glycol  57-55-6 795 724c 98   45, 61 ND 
         
48 IS (Methyl tridecanoate) 1731-88-0 1623 1580c 97  43, 74, 87  
         
 
ID: identity, UPC: unidentified phenolic compound, US: Unidentified sugar, RI: retention index, SI: similarity index, a DB-5 column, 
Fernandex de Simon at el., 2009; bHP-5MS column, Camara J.S. et al., 2006; c NIST08 MS library; d FFNSC Library Ver.1.3., e m/z mass 
fragments where quantitation ion represent in bold, the others are confirmation ion for identification, f typical normalized mean relative 
peak area (RPA) to internal standard in percentage for mean of 9 Cognacs (6 VSOP + 3 XO) = Normalized mean RPA, % 




The chemical profiles of the brandy revealed on chromatograms are very 
much dependent on the sample preparation and introduction techniques used 
for GC-qMS analysis. Table 3.4 illustrates the chemical profiles of brandies 
analysed by three different techniques. 
 
Table 3.4 Chemical profiles of brandies analysed by GC-qMS with different 
sample preparation and introduction technique 
 
Compounds group 




Furanic/pyranic 59.28  46.62 0.82 
Sugar 14.48 NR NR 
Acids 13.75 1.73 21.78 
Phenolic 5.79 31.15 1.30 
Esters 5.18 20.50 56.68 
Ketone 1.17 NR 0.07 
Lactone 0.35 NR 0.02 
Alcohol 0.00 NR 19.33 
Total 100.00 100.00 100.00 
     
NR: not reported, a Cognac analysed by scLVI,  b seven years old Armenian 
brandy analysed by hot splitless injection after liquid-liquid extraction (LLE) 
[80], c Cognac analysed by hot splitless desorption after headspace-solid phase 
microextration (HS-SPME) [100] 
 
 
The profiles obtained from scLVI and LLE-splitless illustrated high 
abundance of LVCs, especially in furanic/pyranic and phenolic compounds. 
Highly polar compounds such acids and sugars were strongly retained by 
scLVI method compared to LLE-splitless method. This was due to the 
extraction solvent used (diethyl ether / hexane) selectively discriminating the 
polar molecule extraction [80]. As per expectation, using splitless desorption 
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mode for headspace-solid phase microextration (HS-SPME) exposed majority 
of the volatile fraction of the sample [100].  
 
Figure 3.1 A typical peak profile of the Cognac. (A) TIC, (B) Enlarged TIC 
and the mass chromatograms (MCs) at retention time range of 8.6 - 18.4 min 
(C) Enlargement of TIC and the mass chromatograms (MCs) at retention time 
range of 16.6 - 28.6 min, (D) Enlarged TIC and the mass MCs at retention 
time range of 27.0 - 40.6 min. 
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A typical TIC and mass chromatograms (MCs) of Cognac was illustrated in 
Figure 3.1. The identified peaks labelled with a peak ID number in sequence 
are listed in Appendix 3.1. 
 
3.3.1.1 Furans and pyrans 
 
Furans and pyrans, derived from polysaccharides, formed the largest group 
(56.5 %) in the chemical profile as shown in Table 3.3. A total of 16 furanic 
compounds and a pyranic compound were identified in this group. Furanic 
aldehydes and ketones came from the thermos-degradation of celluloses and 
hemicelluloses during the process of wood toasting [75] and subsequently 
transferred to brandies during aging process.  For example, the three most 
abundant furanics, namely 5-hydroxy-methylfurfural (5HMF) with relative 
abundance of 50 % and 5-methyl furanal (5.2 %) were from cellulose-derived 
glucose, whereas furfural (3.1 %) was from pentose produced by partial 
hydrolysis of hemicelluloses. The latter two compounds are responsible for the 
almond and toasty odours, whereas 5HMF is odourless with no organoleptic 
properties. The content of 5HMF in Cognacs fluctuated very much depending 
on the blending formula from blenders and distillers. The extremely high 
concentration of 5HMF in these brandies samples most probably could be the 
decomposed product of caramel colouring at the injector of GC. 
 
In Figure 3.1(C), the huge amount of 5HMF (peak 29) in the sample was 
clearly illustrated by a huge leading peak with base width of 1 min. This 
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would seriously shift and delay the elution time for subsequent peaks and 
cause auto identification error. As a result, manual processing for several 
peaks eluting right after the leading peak (5HMF) was elution of the peak was 
necessary. Moreover, precaution needs to be taken for determination of the 
two other peaks, furanic aldehyde (peak 27) and furanic ketone, (peak 28), 




While the process of brandy making varies between the varieties, it follows 
four basic steps needed. First the fruit is fermented into wine which is then 
distilled into alcohol. Once the distillation process is complete, the aging 
process begins. This step is the key to differentiate both the quality and variety 
of the brandy, as even the type of oak used in a cask can determine if the 
outcome is Cognac or Armagnac. The final step in brandy production is to 
blend the liquor to taste. 
 
Sugars form the second major group of concentrated compounds in the less 
volatile fraction of Cognacs. Sugar molecules with multiple hydroxyl groups 
are extremely polar, thus were not easy to be chromatographed on GC. This is 
shown as distorted broad peak 41 and peak 49 in Figure 3.1. The later stage of 
Cognacs production involved blending of aged old spirit with sugar syrup and 
caramel colouring in order to obtain a characteristic product quality and 
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standard of sugar content. Thus, sugar content could serve as an organoleptic 
marker for brand classification of Cognacs and brandies. 
3.3.1.3 Acids and its ethyl esters 
 
Acids which mainly contribute to the rancid odour were detected as the third 
major group. A total of 10 acids accounting for 14.1% of the total sum of the 
compounds were detected. Since most of the volatile acids derived from 
grapes evaporated and were vented out together with ethanol-water matrix, 
only the superior acids with longer hydrocarbon chain such as octanoic, 
decanoic, dodecanoic, teteadecanoic, hexadecanoic and octadecadienoic were 
identified (Table 3.3). These acids were probably derived from thermo-
degradation of lipids for the oak barrel and migrated into the distilled beverage 
during maturation process [87].  
 
The ethyl esters are the secondary metabolites, mostly formed through 
esterification of alcohol with fatty acids during fermentation, distillation or 
maturation in oak barrel [77]. When Cognacs and whiskies were analysed by 
headspace-SPME method, the ethyl esters were the most abundant 
composition (56.68%) in the volatile chemical profile (Table 3.3) [69, 101]. It 
is also well-known that the light ethyl esters played a very important role as 
aroma note of the distilled beverage. These volatile esters contribute fruity, 
strawberry-like, banana-like and apple-like) and flora aromas. For example, 
ethyl butanoate, ethyl heptanoate, and ethyl 2-hydroxypropanoate give off 
fruity aroma while ethyl hexanoate generate strawberry-like aroma [76]. 
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However, by employing the scLVI method, the abundance of esters group 
rank the fifth position, contributing to only 4.7 % in the chemical profile of 
less volatiles congeners in Cognacs. A total of 11 ethyl esters and their 
abundances were revealed in this experiment were tabulated in Table 3.3. 
Among those detected esters, most of them are ethyl esters of superior acids 
which corresponded to the cook fruity aroma or taste of the brandy. 
 
The concentration of the ethyl ester range from octanoate to octadecanoate has 
a benchmark value specific to the manufacturing technology. Some famous 
brands of Cognac have a relatively high content of these components due to 
their unique production method [93]. This means that any illicit dilution of the 
original Cognac would exhibit an equivalent decrease of this index. Thus, the 
chromatography data of these esters are expected to be significant for 
authentication and classification of the Cognacs with the help of multivariate 
data analysis. 
 
3.3.1.4 Benzene derivatives and phenolics compounds  
 
Benzene derivatives and phenolics compounds were identified as the fourth 
major less volatile group in the Cognacs. It amounted to 8.6 %, which 
comprised of 20 compounds, originated from thermal degradation of lignin of 
the toasted oak barrel/cask. As listed in Table 3.3, the largest compound in this 
group was 2-Methyl-1,4-Benzenediol (peak 19) contributing 2.9 % of the 
category. The remaining nineteen compounds consisted of 4 phenols, 4 
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phenolic aldehydes, a phenolic ethyl ester, two phenolic ketone, three phenolic 
acids and five unidentified phenolic compounds (UPC). Most of the above 
mentioned phenolic compounds are the age markers for the oak barrel 
maturation of distilled beverages. The total sum of the phenolic components 
potentially serve as an “index of age” for evaluation of grades for the distilled 
beverages [102]. 
 
As listed in Table 3.3, phenols and phenolic ketones, aldehydes, ketones, 
esters, and acids could contribute to smoked, spiced, clove, burned wood, 
honey, woody, vanilla, flower, sweet and fruity aromas respectively. The 
combination of these phenolic components results in the final unique flavour 
and fragrance of the distilled beverages.  
 
3.3.1.5 Ketone and lactone 
 
Three ketones (1.1 %) and three lactone (0.4 %) were identified in the 
Cognacs.  They are 4-cyclopentene-1,3-dione, 1,2-cyclopentanedione  and 
corylon, alpha.-angelica lactone, beta.-angelica lactone and guaiacylactone. 
The lactones were developed from wood lipid under the heat degradation 





3.3.1.6 Glycerol and propylene glycol 
 
Glycerol and huge propylene glycol peaks were detected only in low cost wine 
brandies B7 and B8 as illustrated in Figure 3.2. 
 
 
Figure 3.2 TIC and MCs of low cost wine brandy with mass spectrums of 
propylene glycol and glycerol. 
 
 
Glycerol has no aromatic properties. However, it can improve the wine brandy 
quality by providing sweetness and fullness. Its sweetness is around 60 % that 
of ordinary white sugar (sucrose). It is the most abundant by-product of 
alcoholic yeast fermentation after ethanol and carbon dioxide.[103]. Even so, 
it is hardly found in high quality distilled wine brandy such as Cognacs, due to 
its non-volatile nature (boiling point at 290oC). Thus, detection of glycerol 
might indicate that glycerol was artificially added into these low cost wine 
brandies. Meanwhile, the propylene glycol, a faintly sweet liquid can also be 
used as an additive to increase the smoothness of brandy. In the lower grade 
brandies, propylene glycol appeared in much larger quantity compared to 
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glycerol. As such, the possibility of propylene glycol adulteration was higher 
instead of glycerol adulteration in these two samples. The appearance of 
glycerol could be due to it being an impurity in propylene glycol production. 
 
3.3.2 Multivariate analysis 
 
In this chapter, a total of 96 grape brandies samples were analysed. Typical 
TICs of GC-qMS representing the authentic brandies, diluted, adulterated and 
unknown samples (suspected “fake” Cognacs) are illustrated in Appendices 
3.2. -3.5. Appendix 3.1 is the list of the tentatively identified compounds 
based on peak ID number with a typical set of relative peak area (RPA) for 
VSOP and XO grade of Cognacs respectively. The GC-MS raw data set were 
pre-treated as described in 3.2.4. The pre-treated GC-MS data set with 
compound ID and RPA for each sample was exported to SIMCAP+ software 
for multivariate analysis (MVA).  
 
 
Figure 3.3 The workflow for a multivariate data (MVA) analysis in this study 
(1)
• Data pre-processing of the authentic samples GC-MS data 
sets  
(2)
• Establishment of unsupervised multivariate model  to detect 
the outliers and selection of model set
(3)
• Establishment of supervised multivariate model  with training 
set  
(4)
• Validation the supervised model with prediction set
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Figure 3.3 illustrates the workflow for MVA in this study. First of all, the 
authentic samples GC-qMS data set were pre-processed (unit variance scaled) 
prior to the construction of their respective multivariate analysis score plots. 
This was to improve the accuracy of the score plot in representing the samples 
[104]. In the second step, the principal component analysis (PCA) 
unsupervised model was established to detect any outlier/s and subsequently 
the model set were assigned. Thirdly, supervised model orthogonal projection 
to latent structures discriminant analysis (OPLS-DA) was constructed with the 
model set. Lastly, the model established was validated with an independent set 
of samples known (as prediction sets) before it was applied for the 
discrimination and classification of brandies. 
 
3.3.2.1 Principle component analysis (PCA) model for elimination the 
outliers  
 
PCA is an unsupervised MVA model broadly used to reduce data 
dimensionality, enabling visualization of the data while retaining the 
information present in the original data. It is constructed to provide an 
overview of data trend and outliers. Pre-treated authentic samples GC-qMS 
data set were subjected to PCA after being unit variance scaled, with 95 % 
Hotelling T2. Three PCA models were constructed based on different types of 
classification as shown in Figure 3.4 - 3.6. The number of principle 
components (PCs) deduced for the classification of grape brandies based on 
quality grade and brands were 8, 2, and 7 respectively. The PCA score plots 
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illustrate a poor classification pattern for all the different types of 
classification. However, these models were useful to detect the outliers.  
 
 
Figure 3.4 PCA score plot to classify wine brandy by category/grade 
 
 
Figure 3.4 demonstrated four GC-qMS data sets of the authentic samples 
which lies outside the 95 % confidence ellipse. These data were excluded from 
model sets for subsequent configuration of supervised multivariate models. 
Similarly in Figure 3.5, two VSOP grade Cognacs GC-qMS data sets which 
fell outside the PCA ellipse were excluded as well. Although PCA score plot 
did not classify XO grade Cognacs properly, the data were within the 
confidence region of the ellipse (Figure 3.6). Thus, all the authentic XO grade 













3.3.2.2 Classification and detection of adulteration of grape brandies 
according to quality grade 
  
There is a long history of people enjoying grape brandy after dinner. There are 
different official tiers of quality grade which are highly based on the age and 
methods of distillation as described in 3.1.1. Aging is the process of distilled 
wine maturation in toasted barrels for a specific period of time to remove 
harsh flavours and add distinct characteristics found in the barrel wood. Drinks 
with different quality grade (age) could easily vary up to 10 times in price 
(Figure 3.1). Therefore, adulteration of age is very profitable, since the price 
rises quickly with the aging time of spirits [80, 93]. 
 
The verification of declared term of maturation (age) is much more difficult to 
be detected than adulteration of simple dilution, vanillin flavouring and 
caramel colouring. Thus, the effectiveness of OPLS-DA modelling on the less 
volatile congeners for classification and verify adulteration of grape brandies 
based on the quality grade was investigated in this study. 
  
A typical representative overlay of TICs for each quality grade of the grape 
brandies are shown in Figure 3.7. Visually, the chromatogram profiles were 
quite different between Cognacs and low cost grape brandies. However, the 
TIC profiles reveal the presence of minor differences when Cognacs of 





Figure 3.7 The overlay of TICs for three quality grades of grape brandies.  
PG: propylene glycol 
 
 
For discriminant analysis, the entire GC-qMS data set were divided into 
training and prediction set after eliminating outliers. A total of 38 data of 
authentic grape brandies were used as the training set to build the score plot. 
The prediction set was further subdivided into two groups – prediction sets I 
and II. Prediction set I contains 19 data of authentic grape brandies. The 
purpose of prediction set I is to evaluate the accuracy of the score plot. 
Prediction set II consists of 47 data and was utilized for prediction of diluted, 
adulterated and unknown grape brandies samples.  
 
For classification and detection of adulteration of grape brandies by quality 
grade, the supervised multivariate model OPLS-DA score plot was constructed 
(Figure 3.8). The performance parameters of the score plot showed reasonable 
values for goodness of fit and validation [R2X (cumulative) = 0.907, and R2Y 
(cumulative) = 0.814, prediction Q2 (cumulative) = 0.644]. The three 
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distinctive clusters representing VSOP grade Cognac, XO grade Cognac and 
low cost brandy indicate the feasibility of using OPLS-DA score plot for the 




Figure 3.8 OPLS-DA score plot for classification of grape brandies according 
to quality grade 
 
The loading plot of the OPLS-DA in Figure 3.9 illustrate the less volatile 
congeners responsible for the observations in the corresponding score plot by 
superimposing them onto the score plot to relate the less volatile congeners 
with the score. It is clearly shown that all the less volatile congeners were 
most responsible for characterising the quality grade of the Cognacs except 
vanillin. This signpost that the low cost grape brandies was artificially 
flavoured by a large amount of vanillin. The main components responsible for 
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differentiation between VSOP and XO Cognacs were two ethyl esters: diethyl 
malate and ethyl vanillate (peak 30, 46) and two acids: 2-furancarboxylic acid, 
9,12-octadecadienoic acid (peak 65,17). 
 
 
Figure 3.9 OPLS-DA loading plot for classification of grape brandies 
according to their quality grade 
 
 
Figure 3.10 was the score plot constructed by prediction set I and satisfactory 
validation results with 100% recognition and prediction ability (Table 3.5). 






Figure 3.10 OPLS-DA score plot constructed with prediction set I for 
validation of recognition and prediction ability for classification of grape 




To detect counterfeit grape brandies according to quality grade, another 
OPLS-DA score plot (Figure 3.10) was generated using prediction set II that is 
comprised of diluted, adulterated and unknown grape brandies. The unknown 
samples were very popular appellations of Cognacs brandies obtained from the 
neighbouring of Singapore. The score plot (Figure 3.11) established that the 
unknown samples (circle A), labelled as Brand-He (F1 series), Brand Ma (F2 
series) and Brand-Re (F3 series), were lied outside the quadrant of the two 
Cognacs (VSOP and XO) but located in between the Cognacs and low cost 
grapes brandies. This could be due to the unknown samples not corresponding 
to their declared grades. 
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For the diluted and adulterated samples, the clusters were at a position close to 
the low cost grape brandies (as highlighted by circle B in Figure 3.11). This 
could be due to the indication of low content of LVCs the sample composition. 
 
 
Figure 3.11 OPLS-DA score plot constructed with prediction set II for 
detection of counterfeit grape brandies according to their quality grade. t: 
training data set and p: prediction data set. 
 
 
3.3.2.3 Classification and detection of adulteration of Cognacs brandy 
according to brand 
 
It takes nearly half a century for alcohol content of the distilled Cognac spirit 
to reduce to a drinkable 40% ABV. To facilitate the maturation process, 
distilled water and other varieties of aged Cognac spirits are blended in the 
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cognac. At this stage, caramel may be added to even out the colour variations 
and sugar syrup may be added to sweeten and enrich less mature brandies. 
Each branded Cognac house has a unique production style that retains the 
consistency of the product quality. This style is often passed down from 
family member to family member as a memory of taste and aroma. 
 
As illustrated in Figure 3.12, the chemical profiles of the Cognacs with the 
same quality grade represented by the TICs were visually similar.  
Nonetheless, minor differences could still be observed.  
 
Two-third of the respective authentic samples data were assigned as training 
set and the remaining was treated as prediction set III for construction of an 
OPLS-DA scores of Cognacs VSOP and XO. The corresponding diluted, 
adulterated and unknown grape brandies data were utilized as prediction set 
IV. For classification and detection of adulteration of grape brandies based on 
brand for Cognacs VSOP and Cognac XO, the supervised multivariate model 






Figure 3.12 Overlaid TICs for Cognacs. (A): six different brand of Cognac 
VSOP; V1: Brand-He, V2: Brand-Ma, V3: Brand Re, V4: Brand-Or, V5: 
Brand-Co, V6: Brand-Ca. (B) three different brand of Cognacs XO; X1: 







Figure 3.13 OPLS-DA score plot for classification of Cognacs according to its 





The OPLS-DA score plots (Figure 3.13A and B) demonstrated that both 
Cognacs VSOP and XO were classified well according to the brand. The 
model performance parameters for the data were R2X (cumulative) VSOP = 
0.997, and R2Y (cumulative) VSOP = 0.806; prediction Q2 (cumulative) VSOP = 
0.602 and R2X (cumulative) xo = 0.984, and R2Y (cumulative) xo = 0.990; 
prediction Q2 (cumulative) xo = 0.601. The satisfactory clustering pattern in 
both OPLS-DA scores revealed that there are some unique differences existing 
in the chemical profiles of the Cognacs within the same quality grade with 
regard to its brand, in which was closely related to the production techniques 
of each Cognac. 
 
The loading plots of the OPLS-DA score plots in Figure 3.13A and B were 
displayed in Figure 3.14A and B. The compounds responsible for 
differentiation of brand V1 Cognacs VSOP from other brands were 2H-pyran-
2,6 (3H)-dione, 9,12-octadecadienoic acid (peak 14 and 65), whereas the 
differentiators for brand V3 and V4 Cognacs VSOP from the rest of the brands 
were, 3-hydroxypropanoic acid, levulinic acid and syringic acid (peak 7, 16 
and 56); and ethyl octanoate and ethyl decanoate (peak 25 and 36) respectively. 
Similarly, the characteristic compounds for a specific brand of Cognac XO as 
high impact differentiators from other brands were revealed as octanoic acid 
and ethyl decanoate (peak 22 and 36) as representative compounds for brand 
X3 Cognac XO while hexadecanoic acid, ethyl cis,cis-9,12-octadecadienoate, 
ethyl (Z)-octadec-9-enoate and ethyl octadecanoate (peak 58, 66, 67 and 68) 





Figure 3.14 OPLS-DA loading plot for classification of Cognacs according to 




Validation of the OPLS-DA score plots constructed from Cognacs VSOP and 
XO were conducted with prediction set I (Figure 3.15A and B). All the 
samples in prediction set I were correctly predicted with excellent validation 
result (100 % for both OPLS-DA score plots as shown in Table 3.5). 
Therefore, based on the two sets of data, it is proposed that the production 
style of each Cognac producers would have a significant impact on the 
discriminating variables for Cognacs brandies of different brands. 
 
To detect counterfeit Cognac according to its brand, another two OPLS-DA 
score plots were generated using prediction set II that is comprised of diluted, 
adulterated and unknown grape brandies. Figure 3.16A and B illustrated that 
all the diluted, adulterated and unknown samples fell outside the area of the 
authentic samples. This implied that the predicted set II samples did not match 
any brand of the authentic Cognacs.  
 
Table 3.5 The statistics and validation results of the OPLS-DA score plots 
 
OPLS-DA model   Quality grade Brand of VSOP 
Brand of 
OX 
No. of PC 2+5+0 4+9+1 2+5+0 
Numbers of analysis 19 11 6 
R2Y(cum),  0.814 0.806 0.99 
Recognition ability, 
(% correctly classified) 100 100 100 
Q2Y(cum) 0.644 0.602 0.601 
Prediction ability, 





Figure 3.15 OPLS-DA score plot constructed with prediction set I for 
validation of recognition and prediction ability for classification of Cognacs 
according to its brand. (A): score for Cognac VOSP and (B): score for 






Figure 3.16 OPLS-DA score plots constructed with prediction set II for 
detection of counterfeit Cognac to its brand. (A): score for Cognac VOSP and 





In the first part of this chapter, a direct large volume sample introduction 
technique by using scLVI coupled with the GC-qMS was shown to be 
successful for chemical profiling of LVCs in brandies. By utilizing existing 
commercial mass spectra databases and retention indexing on the scan data 
obtained from EI mode acquisition of qMS, up to 63 compounds were 
tentatively identified. Majority of the less volatile compounds revealed by this 
analytical technique were furanics and pyranics (56.5 %), superior acids 
(14.1 %), the benzene derivative and phenolics (8.6 %). The LVCs detected 
could be derived from the thermally decomposed products of the cellulose, 
hemicellulose, lipid and lignin from the wood barrel. Particularly, the 
phenolics which are well-known age markers of the drink upon maturation of 
distilled wine spirit in toasted oak barrels were detected despite their low 
porpotion. Hence, characteristic chemical profile of LVCs in brandies can be 
used as a reference point in authenticity analysis of brandies. 
 
The later part of this chapter proved that the LVCs profile of brandies 
combined with MVA, in particular OPLS-DA models, were demonstrated to 
be effective in the classification of brandies according to their quality grades. 
This classification was further divided to its brands within the same quality 
grade. The loading plot of the scores disclosed the LVCs which hold a vital 
role on differentiating the brandies based on each classification category. In 
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addition, with the help of MVA, counterfeit grape brandies were easily 
discriminated. 
 
In summary, it was proven that scLVI on GC-qMS method is useful for 
chemical profiling of LVCs in Cognacs and brandies, and MVA of the 
chemical profile for LVCs with OPLS-DA model is useful for classification 




CHAPTER 4 FAST GC-qMS METHOD FOR SIMULTANEOUS 
QUANTIFICATION OF PHTHALATE ESTERS AND UNTARGETED 




Food adulteration is defined as the act of intentionally debasing the quality of 
food offered for sale either by adding the inferior substances or by removing 
some valuable ingredients [105]. In United States, adulteration is usually 
refers to the non-compliance with health or safety standards as determined by 
the United States Food and Drug Administration (USFDA) and the United 
States Department of Agriculture (USDA). Nowadays, the food suppliers 
would utilize those chemicals which are not listed as conventional regulated 
harmful adulterants to evade the detection. As such, the frauds are usually 
uncovered only after the tainted products have been launched into the market 
for a period of time. 
  
In recent years, several economically motivated food frauds which involve the 
addition of synthetic hazardous chemical/s into food items to reduce 
production cost or increase profit were exposed. One of the most typical 
example was the spiking of the melamine in wheat gluten and rice protein 
concentrate exported from China (2007) and into Chinese infant milk 
(revealed in 2008). Traditionally, authenticity test of protein relied on Kjeldahl 
method by the measurement of the nitrogen content. Thus, the addition of 
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melamine (an industrial chemical commonly used in fertilizers and plastics) 
into the food ingredient (such as diluted milk) will increase the nitrogen 
content and thus its apparent protein content. Contaminated pet food and milk 
consumed by pets and humans caused kidney stones and other potentially fatal 
conditions, especially in infants [105]. 
 
Other incidents which took place in 2013 and 2014 were the adulteration of 
cooking oil. In 2013, a Taiwanese cooking oil company added copper 
chlorophyllin (an illegal colouring agent) into its olive oil and adulterated its 
higher-end cooking oil with the cheaper cottonseed oil [106]. Another oil 
scandal emerged in September and October 2014 where the reported cooking 
oil companies in Taiwan were blending cooking oil with gutter oil (waste oil 
from restaurants and slaughterhouses), grease, leather cleaner and animal feed 
oil. Gutter oil has been shown to be very toxic and carcinogenic (as it might 
contain polycyclic aromatic hydrocarbons, aflatoxins and arsenic) and could 
cause indigestion, diarrhoea, abdominal pain and induce cancer with long-term 
consumption [107]. 
 
Modified starch is a starch treated with chemicals to modify its physical 
characteristics, such as viscosity, texture and stability. In May 2014, Taiwan's 
health authorities uncovered the illegal use of maleic anhydride in modified 
starch for food use. Some of the modified starch and sweet potato starch sold 
by flour factories were found to contain excessive amounts of maleic acid. The 
market products affected vary widely, including tapioca balls, taro balls, flat 
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noodles, instant noodles, fish derivative products (fish ball), meatballs, tofu 
pudding, rice jelly, etc. Many of these products were even sold in a number of 
major supermarket chains in the region. Maleic anhydride hydrolyzes into 
maleic acid upon contact with water. Maleic acid is an adhesive and resin 
which cannot be used as a food additive. Long term consumption of high 
levels of maleic acid could cause kidney damage [108, 109].  
 
Phthalate esters are well-known toxic plasticizers. They are primarily used in 
polyvinyl chloride (PVC) to enhance properties such as flexibility, 
transparency, longevity and durability of the polymer. However, human 
consumption of certain plasticizers such as di-2-ethylhexyl phthalate, could 
lead to health problems such as cancer, endocrine disruption and fertility 
problem. In May 2011, the Taiwan Food and Drug Administration (TFDA) 
uncovered a case on the substitution of palm oil based clouding agent 
(emulsifier) with phthalate esters (di-2-ethylhexyl phthalate and diisononyl 
phthalate) by two Taiwanese companies. Clouding agents make processed 
foods look more appealing. Clouding agents formulated with plasticizers were 
cheaper and could make food and beverages appear more tempting, along with 
extended shelf life. More than five tonnes of di-2-ethylhexyl phthalate (DEHP) 
was used every month to make food flavouring and colouring agents, selling 
the products to chemical and food processing factories, as well as to bakeries 
and pastry shops. A total of 95 manufacturers and 244 ingredient-
manufacturing companies were found to have used the banned ingredients 
while more than 130 food products were confirmed to contain DEHP. Some of 
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these DEHP-tainted stuffs had been exported outside the island to other 
neighbouring countries including Singapore. This led to a huge public outcry 
as this massive food contamination had been on-going for more than 20 years 
[110]. 
 
The above-mentioned examples of food scandal indicated the increasing trend 
of substitution with the unknown or non-conventional harmful adulterants. It 
is challenging for the local regulatory authorities and food manufacturers to 
assess the food quality and uncover the adulteration of large volume and 
variety of food within a short period of time. Therefore, it is essential for the 
authorities and manufacturers to keep improving their analytical 
methodologies from time to time to ensure food safety and quality control. 
 
In this chapter, a new fast GC-qMS method is developed to ensure the rapid, 
sensitive and reliable detection of phthalate esters in food and beverages. 
Simultaneous Scan/SIM acquisition mode will be employed for this fast GC-
qMS in order to extend the analytical scope of the method for untargeted 
screening of hazardous adulterants that might be co-existing in the sample 





4.2 Materials and chemicals 
4.2.1 Chemicals and reagents 
 
Phthalate ester standard mixture III, which contains 100 mg/L of dibutyl 
phthalate (DBP), butyl benzyl phthalate (BBP), di-2-ethylhexyl phthalate 
(DEHP), di-n-octyl phthalate (DnOP), diisononyl phthalate (DINP), and di-
isodecyl phthalate (DIDP)] was purchased from Kanto Chemical Co., Inc. 
(Tokyo, Japan). Separately, di-n-decyl phthalate (DnDP) analytical grade 
standard was purchased from Sigma-Aldrich (St. Louis, MO, USA). The 
organic solvents, hexane and cylohexane used were of pesticide residue grade 
obtained from Kanto Chemical Co. Inc. (Tokyo, Japan). The phthalate esters 
and their structures are shown in Table 4-1. 
 
4.2.2 Instrumentation and parameters settings 
 
Analysis was carried out on a GCMS-QP2010 Ultra with an auto-sampler 
(Shimadzu Kyoto, Japan). The software and mass spectrum database used 
were GCMSsolution (Shimadzu, Kyoto, Japan) and National Institute of 





Table 4.1 Chemical structures and identification numbers assigned to the 
phthalates esters in this study 
 
 
MW: molecular weight, SML: EU specific migration limit in mg/kg [3-3] 
- : CAS numbers and structure for the isomers are not available 
 
 
4.2.2.1 Conventional GC-qMS parameters settings 
 
A conventional non-polar capillary column, BPX-5 with the dimension of 30 
m * 0.25 mm I.D., 0.25 µm film thickness (SGE Analytical Science, Victoria, 
Australia) was used for comparison study. The injector temperature was set at 
290 oC. The GC oven temperature was initially held at 50 oC for 1 min, 
followed by a temperature ramp at 30 oC/min to 280 oC. It was then further 
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programmed at 15 oC/min to 310 oC and hold for 4 min.  Helium was used as 
carrier gas and controlled under constant linear velocity mode, 36.3 cm/s. 1 µL 
of sample solution was injected under splitless mode with 1 min sampling time. 
The data was acquired in EI mode and scanned from m/z 50 to 450 a.m.u. at 
5000 a.m.u./s. The GC-MS interface and the ion source were kept at 230 oC 
and 280 oC respectively. 
 
4.2.2.2 Fast GC-qMS parameters settings 
 
For fast GC-qMS analysis, a narrow bore non-polar capillary column, DB-5 
with dimension of 10 m * 0.10 mm I.D., 0.10 µm film thickness (J&W 
Scientific, CA, USA) was used. The injector, GC-MS interface, ion source 
temperature were set at the same as per conventional GC-MS analysis in 
3.2.2.1. However, GC oven temperature was set at 80 oC and immediately 
ramped to 220 oC at 60 oC/min. This was subsequently followed by another 
ramp at 50 oC /min to the final temperature 310 oC and held for 0.9 min. The 
carrier gas, helium, was controlled under a constant linear velocity of 60 cm/s. 
1 µL of sample solution was injected under splitless mode with a shorter (0.5 
min) sampling time. The data was acquired in EI mode and scanned from m/z 
50 to 450 a.m.u at 5,000 a.m.u/s for comparative study while simultaneous 
Scan/SIM acquisition technique termed as Fast Automated Scan/SIM Type 
(FASST) was utilized in this study for fast GC-qMS method development. The 
MS scan speed in FASST acquisition was set to 10,000 – 20,000 a.m.u./s and 
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the acquisition details of SIM in FASST acquisition  are listed as Table 4.2 
with an “sampling cycle” time of 0.05 s. 
 
     Table 4.2 SIM monitoring ions for phthalate esters 
 
  Analytes SIM monitoring ions (m/z) 
  DBP 149.1, 167.1, 205.1, 223.1 
  BBP 91.1, 149.1, 206.1 
  DEHP 149.1, 167.1, 279.2 
  DnOP 149.1, 167.1, 261.2, 279.2 
  DINP 149.1, 167.1, 293.3 
  DIDP 149.1, 167.1, 307.3 
  DnDP 149.1, 289.2, 307.3 
 




4.2.3 Sample preparation and analysis 
 
Eighteen different beverages purchased from local convenience store were 
used as test matrices for the method developed. The simple and fast sample 
extraction method from China GB/T 21911-2008 [111] was employed. 5 mL 
of sample was added to 2 mL of cyclohexane (extractant) and vortexed for 1 
min to ensure homogeneous mixing. Then, the mixture was centrifuged for 10 
min at 5000 rpm to obtain a phase separation. Subsequently, 1 mL of the 




4.3 Result and discussion 
4.3.1 Method development for fast GC-qMS method 
4.3.1.1 Selection of scanning speed of mass filter 
 
As described in 1.3.1.3, in order for a chromatography plot to be reproducible 
quantitatively, at least 10 sampling points for a peak were needed. The design 
of the qMS was such that the signal of the MS would drop if it was operated 
beyond its optimum scanning speed.  Thus, the fast method was examined 
with different scanning speed and the data were displayed in Figure 4.1 (A) 
and (B). When the earliest eluting peak, DBP, with the smallest peak width 
was monitored (area highlighted in blue), the experimental result indicated 
that the detector signal increased with scanning speed and generated the 
highest signal at scan speed of 10,000 a.m.u./s. by maintaining the number of 
sampling points at more than 10 point per peaks. The repeatability for all the 
target analytes were represented by low percentage of RSD (< 3 %) for 6 
replicates, were denoted a set of stacked chromatograms for some of the 
analytes shown in Figure 4.1 (C). This implied that even though the fast GC 
method operated at a high scan speed of 10,000 a.m.u./s, good 
chromatographic plot repeatability was maintained without sacrifice the 
system sensitivity. Hence, 10,000 a.m.u./s to 20,000 a.m.u./s was the range 





Figure 4.1 (A) and (B): effect mass filter scanning speed on peak intensity, 
(C): overlaid mass chromatograms of DnOP and DINP at m/z 293 (n=6 at 




4.3.1.2 Effect of liner internal diameter on peak shape of fast separation 
 
As described in 1.3.1.1., low volume liner with 0.1 mm I.D. * 95 mm L, is 
suitable for splitless injection. The data in this experiment (Figure 4.2) 
indicated that for these particular analytical conditions, low volume liners did 
increase the peak height. However, it caused peak splitting, especially for 
early eluting peaks. Besides, the precision of retention times and peak area of 
the analytes were poorer compared to the results obtained from standard liner 
with 3.4mm I.D. x 95 mm L (Table 4.3). This situation is probably due to the 
high pressure fluctuation within the liner caused by instant/flash vaporization 
of solvent in hot splitless injection mode. Hence, standard liner were used for 




Figure 4.2 Mass chromatogram of m/z 149 for phthalates esters analysis by 








Precision, % RSD 
Low volume liner (75 µL) Standard liner (862 µL) 
RTa (min) Peak area  RT (min) Peak area 
1 DBP 0.12 5.81 0.04 2.93 
2 BBP 0.04 11.47 0.02 2.86 
3 DEHP 0.02 13.82 0.03 3.13 
4 DnOP 0.02 9.16 0.01 2.81 
7 DnDP 0.03 5.17 0.02 2.59 
 
a Retention time 




4.3.1.3 The effect of interface and ion source temperature on peak shape 
 
When phthalate ester was run on fast GC-qMS conditions, it was found that 
the tailing effect become obvious compared to when they were run under 
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conventional GC-qMS method. However, by increasing the temperature of 
GC-qMS interface and ion source from 280 oC and 230 oC to 310 oC and 300 
oC respectively, the peak symmetry was regenerated (Figure 4.3). This is 
probably due to the high boiling points of these esters. These high boilers (BP 
range from 340 oC to 454 oC) might have slightly stronger retention with the 
GC-MS interface (about 100 cm column) or slower desorption at ion source 
(IS) when they were set at set at 280 oC and 230 oC respectively. 
 
Figure 4.3 The effect of interface and ion source on the peak shape for fast 
separation. The Interface and ion source temperature were 280 oC and 230 oC 




4.3.2 The optimized fast GC-qMS method  
 
A fast GC-qMS method for analysis of seven phthalates esters was developed 
by using a short and narrow column. The optimized parameter setting was 
listed in 4.3.2.2. The total ion chromatogram (TIC) and the mass 
chromatograms (MCs) of the target analytes are shown in Figure 4.4. Total 
separation time is 4.5 min where the last peak DnDP eluted. An effective 
chromatographic separation of DBP, BBP, DEHP, DnOP and DnDP were 
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achieved. On the other hand, DINP and DIDP appeared as finger peaks due to 
the presence of numerous isomers. As such, area summation integration were 
used for the quantitation of DINP and DIDP. 
 
Figure 4.4 Simultaneous scan/SIM data from single injection of seven 




Under simultaneous scan and SIM data acquisition technique termed as “Fast 
Automated Scan/SIM Type” (FASST). Both the scan and SIM data were 
recorded under a single file for each injection. The data file could be 
independently processed qualitatively and/or quantitatively if needed.  
 
4.3.3 Comparison study and method performance 
4.3.3.1 Fast against conventional GC-qMS method 
 
In order to maintain the resolution power and sensitivity of the conventional 
method, a shorter and narrower diameter capillary column with the same phase 
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ratio (β =250) as the conventional capillary column was chosen. For a wall 
coated capillary column, the β is defined as r/2δf, where r is the column radius 
and δf is the stationary film thickness.  After optimization, the fast method 
effectively reduced the total elution time from 13.6 min to 4.5 min, with a 
speed gain of three times (300 %) versus conventional method (Figure 4.5). 
For comparison study, TICs of scan data from EI mode were used. This is to 
simulate the universal detection of GC-FID (a two dimensional universal 
detector) in order to eliminate the selectivity effect of MS detector for 
fundamental parameters of chromatographic performance evaluation. 
 
The chromatographic parameters for fast and conventional GC-qMS method 
are listed in Table 4.4 and 4.5 respectively. Since DINP and DIDP are groups 
of isomers (fingering peaks, not single peaks), these two groups of compounds 
were excluded from evaluation.  
Figure 4.5 Overlay of TICs (5 µL/mL standard mixture in cyclohexane) 
obtained from newly developed fast method (in blue) and conventional 




A comparison on values of chromatographic parameters is shown in Table 4.4 
and 4.5. The fast method shows better overall chromatographic performance 
for all the five evaluated analytes (with peak ID 1,2,3,4 and 7). The fast 
method also demonstrates better efficiency with a higher N value, smaller 
plates height (lower HETP), better resolution (higher R value), higher 
selectivity (higher S.F.) and better separation number (higher TZ). Practically, 
the separation number is a measure of the number of peaks that could be 
separated between two consecutive peaks. 
 
On top of improved chromatographic performances in fast analysis method, 
the quality of mass spectra under fast MS acquisition was correspondingly 
examined. Figure 4.6 displayed the comparison of the mass spectra obtained 
from fast GC-qMS with the conventional GC-qMS and the NIST mass spectra 
database. All the mass spectra of the analytes acquired at high speed scanning 
(10,000 a.m.u/s) were of similar quality as those obtained from conventional 
GC-MS method. They demonstrated high similarity search index value (SI > 







Table 4.4 Fundamental chromatographic parameters for evaluation of fast GC-qMS method  
 
Analytes tr (min) Wb (min) k' HETP, µm RS S.F. TZ S/N   
DBP 2.827 0.023 9.169 4 19.64 1.23 16 476 
BBP 3.426 0.038 11.324 8 8.15 1.08 6 300 
DEHP 3.691 0.027 12.277 3 10.72 1.07 8 393 
DnOP 3.943 0.020 13.183 2 15.60 1.15 12 332 
DnDP 4.489 0.050 15.147 8 - - - 273 
 
Gas holdup time, to = 0.278 min; column length, L = 30 m; tr: retention time; Wb: peak base width, k’: (tr/to) -1; effective theoretical plates, 
N = 16 [(tr - to) / Wb ]2; HETP = L/N, resolution, RS = 2 (tr2 – tr1) / Wb2 + Wb1 , separation factor, S.F. = k’2/ k’1, separation number, TZ = 
(RS/1.177) -1, S/N: signal to noise ratio by peak to peak at concentration 5 µl/mL standard mixture.  







Table 4.5 Fundamental chromatographic parameters for evaluation of conventional GC-qMS method 
 
Analytes tr (min) Wb (min) k' HETP, µm Rs S.F. TZ S/N   
DBP 8.127 0.100 4.949 28 11.98 1.19 9 357 
BBP 9.409 0.114 5.888 28 4.51 1.07 3 241 
DEHP 9.953 0.127 6.286 31 5.50 1.08 4 304 
DnOP 10.616 0.114 6.772 22 10.32 1.18 8 234 
DnDP 12.304 0.213 8.007 56 - - - 235 
 
Gas holdup time, to = 1.366 min; column length, L = 30 m, tr: retention time, Wb: peak base width, k’: (tr/to) -1; effective theoretical plates, 
N = 16 [(tr - to) / Wb ]2, HETP = L/N, resolution, RS = 2 (tr2 – tr1) / Wb2 + Wb1 , separation factor, S.F. = k’2/ k’1, separation number, TZ = 
(Rs/1.177) -1, S/N: signal to noise ratio by peak to peak at concentration 5 µl/mL standard mixture. 






Figure 4.6 Mass spectra obtained from fast and conventional GC-qMS 






4.3.3.2 Method performance of fast GC-qMS 
 
The quantification performance of the developed method was evaluated by a 
series of experiments with regards to the linearity, sensitivity, accuracy and 
precision under the most favorable conditions. The results were listed in Table 
4.6 and 4.7. The calibration curves were constructed by spiking five level of 
standard solutions in 6 replicates containing the seven analytes at 
concentration ranging from 0.125 - 8.000 µg/mL. The calibration curves were 
linear (R2 > 0.999) for DBP, BBP, DEHP, DnOP and DnDP in the range of 
0.125 - 2.000 µL/L. For fingering peaks DINP and DIDP, the curves were 
linear (R2 > 0.995) in the range of 0.500 – 8.000 µg/mL. The LODs for the 
analytes were estimated based on the standard (SB) deviation of the signal for 
zero concentration of the regression limes (SB at Y-intercepts and Y ≠ 0) and 
the slope of the calibration curves (f) according to the formula, LOD = 3.3 
(SB/f). Similarly, the LODs were calculated according to formula LOD = 10 
(SB/f) [112]. The LODs and LOQs of the method for the phthalates esters 
ranged from 0.012 µg/mL to 0.320 µg/mL and 0.042 µg/mL to 0.106 µg/mL 
respectively (except the two fingering peaks DINP and DIDP), whereas the 
LOQs were more than 10 times lower than the specific migration limit (SML) 
of EU regulation for food items (Figure 4.1 and 4.6) [113]. 
 
The accuracy of the method was evaluated by the recovery value of spiked 
standards (the lowest concentration standard mixture) into two different 
beverage matrices. The clear sample matrix (Ribena) showed excellent 
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recoveries between 94 % and 118 %. However, for the emulsion matrix 
(strawberry milk), the recovery for the analytes were lower (50% - 89 %). This 
indicated that the matrix effect strongly influenced the accuracy of the method 
and further clean-up is needed for emulsion samples. 
 
The intra-day and inter-day precision of the method are expressed as relative 
standard deviation (RSD) with 6 replicated with spiked standard solutions as 
illustrated in Table 4.7. The overall RSDs below 5% demonstrated that 
satisfactory repeatability were achieved. 
 



















DBP 0.125 2.64 3.78 2.69 2.88 1.77 3.81 
BBP 0.125 2.89 1.54 2.76 1.96 2.00 3.53 
DEHP 0.125 3.03 3.50 0.95 2.64 2.58 3.17 
DnOP 0.125 3.76 2.20 0.94 2.04 0.99 4.34 
DINP 0.400 2.07 2.40 2.77 2.19 3.04 1.69 
DIDP 0.400 3.00 2.56 2.86 0.80 2.63 2.53 








 range of standard 
solutions  
Regression equation  Regression  coefficient  LOD LOQ Mean recovery in %, n=3 
(µg/mL ) (n=6) (R2 , n=6) (µg/mL ) (µg/mL ) Ribena Strawberry milk 
DBP 0.125 - 2.000 Y = 2616.93X + 143.32 0.9998 0.021 0.068 116.3 89.3 
BBP 0.125 - 2.000 Y = 3219.92X + 162.34 0.9999 0.012 0.041 100.0 71.9 
DEHP 0.125 - 2.000 Y = 1207.96X + 41.71 0.9996 0.025 0.083 97.5 68.6 
DnOP 0.125 - 2.000 Y = 1553.72X +  37.47 0.9998 0.031 0.105 94.4 55.7 
DINP 0.500 -8.000 Y =  2253.56X - 1126.77 0.9950 0.222 0.739 105.1 63.5 
DIDP 0.500 -8.000 Y = 1907.48X  - 891.03 0.9951 0.255 0.849 94.0 53.1 
DnDP 0.125 - 2.000 Y = 1553.72X + 37.47 0.9999 0.032 0.106 118.0 50.5 
 
LOD: 3.3 × SB/f and LOQ: 10 × SB/f, where SB is standard deviation of signal for zero concentration and f is the slope of calibration curve.  
b was the mean recovery calculated from three replicate analysis of two different sample matrices spiked with the lowest concentration level 
of the calibration curves.  
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4.3.4 Genuine samples analysis  
 
The newly developed fast GC-qMS method was applied to the analysis of 
beverages purchased from the local market. The beverage samples were first 
extracted as per described in 4.2.3 prior to fast GC-qMS analysis. Analysis 
results were tabulated in Table 4.8. Among the 18 samples, two samples (A8 
and A9) from the same manufacturer were found containing the plasticizer 
DEHP. The content of DEHP in sample A9 was 2.12 mg/L and this value was 
higher than the European Union (EU) regulated specific migration limit 
(SML) of 1.5 mg/kg for phthalate esters that come into contact with food. 
 
There was no hazardous substances found in this lot of beverage analysis. The 
compounds revealed by the untargeted screening of scan data were listed in 
the TIC of the respective sample in Appendix 4.1. An additional unidentified 
phthalate ester was detected in sample Soya milk (A18). Caffeine was detected 
in all the tea and coffee based samples. The Cappuccino sample (A9) was 
found with added artificial flavoring (benzyl benzoate) which is responsible 
for a weak, sweet-balsamic odor. Significant amount of hydrocarbons were 
revealed in the retention time range of 2.9 min - 3.8 min, in orange juice (A2) 
and mango mixed fruit juice (A7). Long chain fatty acids, hydroxyl acid, 
esters, and essential oil were also unveiled in the beverage samples. 
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Clear Expiry date 
Packaging 
type Remarks 
Analytes detected  in mg/L 
DBP BBP DEHP DnOP DINP DIDP DnDP 
Apple juice A1   08/16/14 Plastic 




ND ND ND ND ND ND ND 
Orange 
juice 
A2 *   07/08/14 Plastic 
bottle   
Orange ND ND ND ND ND ND ND 
Strawberry 
tea 
A3    07/02/15 Plastic 
bottle   
Clear 
brown 
ND ND ND ND ND ND ND 
Red date 
longan tea 
A4    10/30/14 Plastic 
bottle   
Clear 
brown 
ND ND ND ND ND ND ND 
Carrot juice A5    11/03/14 Plastic 
bottle   
Orange ND ND ND ND ND ND ND 
Almond 
drink 
A6    08/18/14 Plastic 
bottle   
Milky 
white 
ND ND ND ND ND ND ND 
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Table 4.8 (continued)            





Clear Expiry date 
Packaging 
type Remarks 
Analytes detected  in mg/L 
DBP BBP DEHP DnOP DINP DIDP DnDP 
              
Mango 
mixed fruit 
juice   
A7   02/22/15 Plastic 
bottle   
Orange ND ND ND ND ND ND ND 
Milk tea A8   12/26/14 Plastic 
bottle   
Milky 
brown 
ND ND 0.27 ND ND ND ND 
Cappuccino A9   01/30/15 Plastic 
bottle   
Milky 
brown 
ND ND 2.12 ND ND ND ND 
Cranberry 
juice  
A10    09/13/14 Plastic 
bottle   
Clear 
red 










ND ND ND ND ND ND ND 
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Table 4.8 (continued) 
 
           





Clear Expiry date 
Packaging 
type Remarks 
Analytes detected  in mg/L 













A13   02/19/15 
Tetra 
Pak®   
Milky 
pink ND ND ND ND ND ND ND 
Jia Jia 
Herbal Tea 
A14    05/08/16 Aluminium 
can   
Clear 
brown 




A15    04/21/15 Aluminium 




ND ND ND ND ND ND ND 
Apple tea A16    04/29/15 Aluminium 
can   
Clear 
brown 
ND ND ND ND ND ND ND 
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Table 4.8 (continued)      





Clear Expiry date 
Packaging 
type Remarks 
Analytes detected  in mg/L 
DBP BBP DEHP DnOP DINP DIDP DnDP 
              
Pineapple 
juice 
A17 *   03/01/16 Aluminium 
can   
Yellow ND ND ND ND ND ND ND 
Soya bean 
milk 
A18    05/17/16 Aluminium 
can   
Milky 
white 
ND ND ND ND ND ND ND 
 
ND: not detected 
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4.4 Conclusion 
 
By applying a short and narrow capillary column with high sampling 
frequency of the qMS detector, a simple and fast GC-qMS method was 
developed. The optimized fast method permits elution of the target analytes 
within 4.5 minutes which is three times (300 %) faster than conventional 
method. The chromatographic separation and qualitative performance of mass 
spectra for this method were maintained, if not better than the existing method 
for the same application. Meanwhile, the method also demonstrated good 
linearity (R2 > 0.995 – 0.999), intra- and inter-day precision (RSD < 5 %) and 
satisfactory method sensitivity in beverage extract. The LOQs (0.042 µg/mL 
to 0.106 µg/mL) of the analytes were much lower than the specific migration 
limits (SML) for phthalates ester of EU regulation for food items. This enables 
the method to replace the conventional one analysis of phthalate esters in 
beverages and other matrices such as food, toys and textiles after proper 
extraction and clean-up. 
 
Simultaneous scan and SIM data acquisition mode was applied in this fast GC-
qMS method, Form the SIM data, DEHP was sensitively picked up in 2 out of 
18 beverages samples. The other non-targeted chemicals present in the studied 
samples (obtained from the scan data) were caffeine, long chain fatty acids, 
esters, artificial flavoring and hydrocarbons. However, no hazardous 
chemicals were detected in theses samples. Hence, the newly developed fast 
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GC-qMS method successfully enlarged the scope of application for the 
method, on top of the speed improvement for the analysis. 
 
In this study, fast GC-qMS has been proven to be a powerful tool in the 






CHAPTER 5 CONCLUSION AND FUTURE WORK 
 
The work of this study focused on the development of simple, fast, sensitive 
and reliable GC-qMS methods for the screening and monitoring of food 
adulteration and quantification of hazardous food adulterants. Two new GC-
qMS method were successfully developed and applied for real sample analysis. 
 
In Chapter 2, scLVI technique coupled with GC-qMS for “in-liner enrichment” 
was developed. The newly developed method enabled the enrichment of 
semivolatiles directly in the liner of the PTV housed on the GC-qMS. The 
method demostrated that the analytes with boiling point above 250 oC could be 
enriched in the liner sucessfully from ethanol-water matrix sample. 
Furthermore, sataisfactory qualitative and quantitative precisions of the 
method were achieved with low RSDs of retention time (within 0.15 %) and 
peak area (below 5 %) respectively. Application of the method for the analysis 
of less volatile congeners (LVCs) in distilled alcoholic beverages (DABs) 
demonstrated sample pretreatment procedures for extraction and pre-
concentration could be potentially eliminated. This is the most significant 
benefit of the proposed method. 
 
The first part of Chapter 3 described the application of scLVI technique 
coupled with GC-qMS method developed in Chapter 2 for chemical profiling 
of brandy samples. The content of the LVCs in grape brandies were 




identified by utilizing existing commercial mass spectra databases and 
retention indexing on the scan data. Majority of the LVCs revealed by this 
analysis were furanics and pyranics, superior acids, the benzene derivative and 
phenolics compounds. The compounds were derived from the thermal 
decomposition products of the cellulose, hemicellulose, lipid and lignin from 
the toasted wood barrel. Hence, profiling of less volatile congeners in brandies 
by scLVI could be a potential protocol for the authentication of brandies.  
 
The second part of Chapter 3 illustrated the successful application of chemical 
profile of LVCs for the classification of the Cognacs and brandies according to 
their quality grades and brands, with MVA. Classification of Cognacs was 
performed with OPLS-DA as each score plot demonstrated a clear 
discrimination pattern when they are classified. The congeners which associate 
most with the discrimination of each classification were identified. In addition, 
the counterfeit grape brandies were easily recognized when the discrimination 
analysis was further extended to adulterated brandies. 
 
To address the need of methodology for assessing the food safety and quality 
of food fraud within a short period of time, a fast GC-qMS method with 
ensured short analysis time, sensitive and reliable detection of phthalate esters 
in food and beverages were developed in Chapter 4. The optimized method, 
using a short and narrow capillary column with high sampling frequency of 
the MS acquisition, permits elution of the target analytes within 4.5 minutes. 




qMS method with equivalent or even more superior chromatographic 
resolution. The fast method also showed good linearity (R2 > 0.995 – 0.999) 
with acceptable method precisions (RSD < 5 %). The LOQs of the method for 
the analytes (0.042 µg/mL to 0.106 µg/mL) were much lower than the specific 
migration limits (SML) for phthalates ester of EU regulation for food items. 
This implies that the fast method developed can be an alternative to the 
conventional GC-qMS analysis of phthalates esters analysis in beverages and 
other matrices such as food, toys, and textiles after proper extraction and clean 
up. 
 
The fast GC-qMS method was run under simultaneous scan/SIM acquisition 
mode of MS. The phthalates ester, DEHP, was sensitively quantified by SIM 
data whereas other non-targeted analytes were simultaneously identified from 
the scan data of the studied samples. Hence, the newly developed method 
provides a simple and more efficient way for simultaneous determination of 
phthalates esters and untargeted screening of other chemicals/adulterants in 
beverages. 
 
For future work, the following 2 proposals are suggested: (1) further 
optimization to reduce the analysis time and running cost of the scLVI method 
and (2) optimized the column selection to increase the life span of the column 





The sample enrichment time and helium gas consumption for scLVI with GC-
qMS method developed in this work are rather long and high. Future work 
should be devoted to shorten the sample enrichment time by balancing the 
sample introduction time, solvent venting time and the PTV initial temperature. 
By improving these three parameters, the overall analysis time and running 
cost of the method could be reduced in hope for a wider adoption of this 
technique, particularly by the industry.  
 
The primary limitation of the fast GC-qMS method is the life span of the 
narrow bore capillary column. The life span of the column is closely related to 
the amount of the stationary phase coated in the capillary column. To reduce 
the need to constantly purchasing the new columns, one possible approach is 
to select a slightly wider ID column (e.g. 0.15 mm – 0.18 mm) capillary 
column for future fast GC-qMS method development. This may slightly 
lengthen the analysis time, but the life span of the column is expected to be 
significantly increased since the sample capacity is directly proportional to the 
cube of stationary phase film thicknes. Hence, the overall running cost is expected 
to be more economical. 
 
In summary, the proposed approaches in this thesis extend the usability of 
today bench top GC-qMS as a higher efficiency analytical tool for adulterants 
and chemical contaminants analysis. The methods developed facilitate 
automated sample pre-concentration, enhance the speed analysis and/or widen 
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Appendix 1.1 Overview of GC injectors and injection techniques [24, 114, 115] 
 
Inlet   
Injector temp  Injection Liners   
volume  
 (µL) 
Sample characteristic Spl 
to 
col 
Remark Hot  
inj 
 Cold 




(µL/sec) Conc. Stability  
BP 
range 
                       
S/SL 
√    Split  0.5 - 2 30~50 800 - 2000 H G ~ nC19 VL Injection discrimination 
                       
√    Spiltless 1 - 2 5~20 200 - 1000 L G ~ nC40 AA Injection discrimination 
                       
√    Pulsed splitless 4 or 5   5~20 200 - 1000 L G ~ nC40 AA 
Injection 
discrimination 
                         
                         
DI √   Direct 0.1 - 2 5~20 200 - 800 H / L G ~ nC40 AA Discrimination 
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Appendix 1.1 (continued)         
             
Inlet   
Injector temp  Injection Liners   
volume  
 (µL) 
Sample characteristic Spl 
to 
col 
Remark Hot  
inj 
 Cold 








                     
  √  On-column  0.1 - 2 50 100 -.300 H / L  G / NG ~ nC100 A 






            






sensitivity for clean 
sample 
                         
                         
PTV √ √  Split  0.2 - 4 30 - 50 100 - 500 H G /NG ~ nC100**  VL 
minimum 
discrimination and 
decomposition   
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Appendix 1.1 (continued)         
             
Inlet   
Injector temp  Injection Liners   
volume  
 (µL) 
Sample characteristic Spl 
to 
col 
Remark Hot  
inj 
 Cold 




(µL/sec) Conc. Stability  
BP 
range 
                       
PTV 
√ √  Spiltless 0.2 - 4 5 - 20 65 - 500 L G /NG ~ nC100** AA 
minimum 
discrimination and 
decomposition   
            















                        
 
Injector temp: injector temperature, Hot inj: hot injection, Cold inj: cold injection, Conc. High= > 50 ppm, Low = 0.5 ppm - 50 ppm; Trace 
= < 0.5 ppm; Stability: G = stable, NG = not stable; Sample to column: VL = very little, M = most,  AA = almost all, A = all;  BP = boiling 
point, Spl to col = Sample to column, *Assumption made that the sample vapour cloud is diluted by carrier by a factor of 2, the effective 
liner volume for sample vaporization is half of the liner volume, **depend on maximum temperature setting of PTV, *** depend on 




Appendix 1.2 LVI on PTV with solvent vent (SV) 
 
LVI can be achieved in various ways as described in 1.2.2. Among these, 
solvent-vent injection has been the most important, simple and widely used for 
PTV-based LVI [1]. On top of analyte enrichment effect, combination of cool 
injection step with control vaporization eliminate a number of disadvantages 
associated with the use of classical hot splitless injection, such as injection 
discrimination and degradation of thermal labile analytes. For LVI with SV on 
PTV, the analytes must be able to be retained in the liner during solvent 
elimination. Generally, the PTV initial temperature should be kept at 250 oC 
below the boiling points of the analytes. Figure 1.3 (A) shows the typical set 
up of GC with PTV for LVI with solvent vent (SV) technique. Among the 
application examples listed in the review paper of Mastovska, et al, LVI with 
SV on PTV injection technique is ideal for analysis of trace semivolatiles in 
complex sample matrices. This has since dominated application of LVI from 




Appendix 1.3 Partially concurrent solvent evaporation (PCSE) LVI on 
COC/PTV 
 
Figure 1.3 (B) illustrates a GC system for PCSE-LVI. It consists of a 
COC/PTV injector and a pre-column set represented by a retention gap (RG) 
and a pre-column (PC), also known as retaining column, where the solvent-
analyte separation takes place [29, 35]. Several hundred µL of sample is 
injected by an auto sampler or from LC pump directly, at a moderate injector 
temperature and a proper injection speed which allows partial solvent 
evaporation to take place along the injection. Under PCSE process [8], the 
sample is retained in the pre-column set to form a liquid film. Volatile analytes 
are concentrated by the solvent effect of the liquid film. As the liquid film 
passes through the PC, it evaporates from the direction of column rear to the 
column front. Less volatile analytes are refocused by phase-ratio focusing in 
PC. A restrictor and a solenoid valve controlled solvent-vapour exit (SVE) is 
installed behind the PC to discharge the solvent vapour before entering the 
analytical column. The SVE is open during sample injection and should be 
closed just before the solvent evaporation process is completed, so as to 
compress and concentrate the analytes into a narrow band. 
PCSE- LVI via COC/PTV is able to handle a wide range of analytes from very 
volatiles to semi-volatiles (including polychlorinated biphenyls) as well as for 
thermally labile compounds such as carbamate pesticides [32]. However, it is 
less robust compared to solvent vent LVI on PTV for dirty matrices. By 
coupling GPC with PTV served as LC-GC interface, efficient sample clean-up 
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could be automatically performed prior to large volume of sample injection. 
Liu, et al reported that the trace analysis of multi-residual pesticides in various 
kinds of vegetables were successfully determined within 50 min per sample by 
injecting crude QuEChERS extracts into a fully automated on-line micro 





Appendix 1.4 Fully concurrent solvent evaporation (FCSE) LVI with 
loop-type interface  
 
Loop-type injection is a conventional LVI technique for LC-GC coupling. The 
set-up is simple as shown in Figure. 1.3(C). The liquid sample in the sampling 
loop is introduced by a multiple port valve, directly into a RG located in the 
GC oven, where the temperature is kept at slightly higher than solvent boiling 
point. Solvent vaporizes and gushes in during transfer. When it reaches the 
front part of RG, it generates a pressure high enough to prevent the liquid 
sample from further penetration into the RG. The solvent of the liquid sample 
is evaporated in a relatively short period under FCSE mechanism and the 
vapour leaves the column by vapour overflow, exiting from the SVE. Since 
only an uncoated RG is used in front of the main column, the volatiles will be 
vented out together with the solvent vapour through SVE. As a result, this 
technique is only suitable for enrichment of semi-volatiles with boiling point 
100oC - 120oC above transfer temperature. This technique is only suitable for 




Appendix 1.5 Equations for theoretical discussion of fast GC  
 
Equation defines GC retention time [24]: 
 
𝑡𝑡𝑅𝑅 =  𝐿𝐿 (𝑘𝑘 + 1)?̅?𝜇  =  𝐿𝐿?̅?𝜇  �1 +  2𝛿𝛿𝑓𝑓𝐾𝐾𝑟𝑟 �    … … … … ….    (1.3) 
Where,  𝑡𝑡𝑅𝑅  = retention time in s 
  L = column length in cm k  = retention factor (capacity factor), dimensionless 
  ?̅?𝜇 = average linear carrier gas velocity in cm/s  
δf  = film thickness in cm  r  = radius of column in cm (where, I.D. = 2r ) K = distribution constant, dimensionless 
 
And,      𝐿𝐿𝐿𝐿𝐿𝐿 (𝐾𝐾) =  𝐴𝐴 
𝜌𝜌𝑐𝑐
+ 𝐵𝐵   … … … … … … … … … … … … … ..     (1.4)    
Where   A, B = dimensionless constant respectively   Tc   = absolute column temperature in Kelvin  
 
Eq. 1.5 tell how the efficient of separation affects the resolution. 
 
 
Where, Rs  = resolution, dimensionless N  = column efficiency (theoretical plate number) k   = capacity factor (partition ratio), dimensionless 
α  = selectivity, dimensionless 
 







     … … … … … … … … … … … … … … … … … … … … … ..      (1.6) 
Where, H  = plate height, cm  L  = length of column, cm N  = efficiency, as plates, dimensionless 
 
From Eq. 1.5 and 1.6, N is inversely related to H. To improve the resolution of 
the separation, it is necessary to reduce the H. The Golay equation (Eq. 1.7) is 
a simplified van Deemter equation without term A (Eddy diffusion term); 
applies for open tubular capillary column [24]: 
 
𝐻𝐻 =  𝐵𝐵
?̅?𝜇
 +  𝐶𝐶𝑚𝑚 ?̅?𝜇  + 𝐶𝐶𝑠𝑠 ?̅?𝜇      … … … … … … … … … … … … … …    (1.7) 
 
Where,  𝐻𝐻  = plate height in cm 
B  = molecular diffusion term in s/cm2 
?̅?𝜇  = average linear carrier gas velocity in cm/s  
Cm  = resistance to mass transfer in the mobile phase in s/cm2  
Cs = resistance to mass transfer in the stationary phase in s/cm2  
 
The expanded version of the Golay equation is shown in Eq. 1.8 indicates the 
relations between H and the important parameters that contribute to the 
resolution of for enabling the fast GC technique [24]:  
 
𝐻𝐻 =  2𝐷𝐷𝑚𝑚
?̅?𝜇
 +  (1 + 6𝑘𝑘 + 11𝑘𝑘2)𝑟𝑟224(1 + 𝑘𝑘)2𝐷𝐷𝑚𝑚  ?̅?𝜇  + 2𝑘𝑘𝑑𝑑𝑘𝑘2𝑟𝑟23(1 + 𝑘𝑘)2 𝑘𝑘 𝐷𝐷𝑠𝑠  ?̅?𝜇  . . . (1.8) 
 
Where r2  = radius of the column in cm Dm  = diffusion coefficient of the analyte in the carrier gas in cm2/s  Ds  = diffusion coefficient of the analyte in the stationary phase in 
cm2/s  
 




Appendix 1.6 Column length 
 
The retention time, tR, is proportional to the length of the column (L) in 
isothermal GC analysis (Eq. 1.3 in Appendix 1.5). However, the column 
resolution is proportional to the square root of the column length, √𝐿𝐿  (Eq. 1.3 
and 1.4 in Appendix 1.5). Thus, reducing tR by shortening the L reduces the 
number of theoretical plates (N) and consequently decreases Rs. Generally, 
when doing fast GC, the column length will be reduced in conjunction with 
the modification of one or more of the other parameters as described in Eq. 1.6 




Appendix 1.7 Capacity factor  
 
Another way to reduce tR, is to reduce k (Eq.1.3 in Appendix 1.5). Based on 
Eq. 1.3 and 1.4 in Appendix 1.5, this parameter can be tuned by: (1) increasing 
column temperature, (2) increasing column radius for a fixed column length, 
(3) using a column with thinner film. For analyte which elutes on specific 
column dimension, term k is depends types of stationary phase on top of 
temperature (Eq. 1.4 in Appendix 1.5). Therefore, tR, is possible to be reduced 
by selecting appropriate stationary phase or utilizing combination of columns 
(combination of stationary phases) connected in series or orthogonally (e.g. 
2D-GC or comprehensive GC). By only keeping higher temperature for lower 
tR, there may be adverse impact on peak resolution, Rs. Furthermore, speeding 
up analysis by reducing k (using a thinner film column) would trade off 
sample loading capacity, QS[2]. On the other hand, bigger r may result in 





Appendix 1.8 Carrier gas type and average linear velocity (𝝁𝝁�) 
 
Figure A.1 shows the carrier gases behaviour on Golay plot (Eq. 1.7) under an 
isothermal condition. The plot shows that there is an average linear velocity (?̅?𝜇) 
that provides maximum efficiency (optimum linear velocity, ?̅?𝜇𝑜𝑜𝑜𝑜𝑡𝑡) . Most 
analyses are run at the 𝝁𝝁� above  ?̅?𝜇𝑜𝑜𝑜𝑜𝑡𝑡, named as optimal practical gas velocity 
(OPGV) and this corresponds to a value 1.5 - 2 times of  𝜇𝜇� 𝑜𝑜𝑜𝑜𝑡𝑡. It is the ?̅?𝜇 where 
the maximum efficiency per unit time is obtained. Slight efficiency loss is 
tolerated for a much larger decrease in analysis time [116]. The broader and 
flatter Golay curve enables hydrogen to work at a very high OPGV that is 
close to optimum efficiency, thus making it well suited for fast GC application. 
 
Figure A.1 Effect of carrier gas on Golay plot. Values refer to a column of 30 
m x 0.25 mm I.D., 0.25 µm, run on isothermal condition. Modified from [117]  
 
 
Nonetheless, helium as carrier gas in GC-qMS is still in favor compared to 
hydrogen because: (1) hydrogen’s chemical reactivity may cause changes in 
mass spectra, (2) instrumental design considerations, and/or surface effects 
might cause losses of certain analytes in the GC inlet and (3) it is a flame 
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hazard, that is generally not desirable for use in the laboratory. To enable fast 
analysis, the smaller radius column that exhibit lower Hmin , highest ?̅?𝜇𝑜𝑜𝑜𝑜𝑡𝑡 and 
flattest curve is preferred on Golay plot (Figure A.1 and Eq. 1.8 in Appendix 
1.5) 
 
Figure A.2 shows the effect of column film thickness (df), radius (r) and 
length (L) on Golay plots for helium as carrier. Modified from [117]  
 
 
According to theory, operating at ?̅?𝜇 = 2 ?̅?𝜇𝑜𝑜𝑜𝑜𝑡𝑡  causes 25% loss in separation 
efficiency and 12% loss in Rs [116] Eq. 1.8 at Appendix 1 illustrated that the 
lost efficiency could be compensated by using hydrogen  as carrier increasing 




Appendix 1.9 Comparison of typical affordable MS systems used for fast 
GC application in routine laboratory. Typical price range in current GC-
MS market with pumping capacity within the range of 210 L/s - 260 L/s 

















4,500 - 20,000 
a.m.u/s  
(15 - 66 spectra/s 
for 300 a.m.u. mass 
range) 
0.5 a.m.u peak 
width  
(Rm = 2 M, 
10 % valley) 
50 - 160 





upto 5600 a.m.u./s 
(19 spectra/s for 
300 a.m.u. mass 
range) 
1 a.m.u. peak 
width  
(Rm = M, 10 % 
valley) 
50 - 100 
     
High speed 
TOF 
1000 100 - 500 spectra/s 1400 FWHM at 
m/z 502 
130 - 170 





Appendix 2.1 Pressure at inlet (pi) with 1 µL solvent inject at 20oC* 
 
Solvent 
 Vg M  ρ WVl n(Vl ρ/M) pi 
mL g/mol g/uL g   Pa 
n-Pentane 0.4 72 6.26E-04 0.072 8.7E-06 2648 
Methylene  
 
0.7 84 1.33E-03 0.084 1.6E-05 4807 
Acetone 3.3 58 7.86E-04 0.058 1.4E-05 4127 
Chloroform  1.5 118 1.50E-03 0.118 1.3E-05 3866 
Methanol 4.8 32 7.91E-04 0.032 2.5E-05 7527 
THF 1.5 72 8.86E-04 0.072 1.2E-05 3747 
n-Hexane 1.2 86 6.55E-04 0.086 7.6E-06 2319 
Ethyl acetate 2.6 88 8.94E-04 0.088 1E-05 3094 
Cyclohexane 2.2 80 7.79E-04 0.08 9.7E-06 2965 
Acetonitrile 4.9 41 7.86E-04 0.041 1.9E-05 5838 
Water 59.6 18 9.98E-04 0.018 5.5E-05 1688
 
Dioxane  7.1 88 1.03E-03 0.088 1.2E-05 3575 
 
* pi Calculated by using ideal gas law equation (where, 𝑀𝑀𝑖𝑖 =  𝑉𝑉𝑙𝑙𝜌𝜌𝑅𝑅𝜌𝜌𝑀𝑀𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 ) where,  
M: molecular weight of the solvent,  ρ: solvent density, Vl: volume of solvent 
injected (1 µL), n: number of moles of solvent injected, R: gas constant 
(831443 mL Pa mol-1 K-1), T : absolute temperature in Kelvin, VLiner: volume 
of the PTV liner, Vg: saturated vapour volume of 1 µL of solvent at 20oC, WVl : 




Appendix 2.2 TICs for DABs analysed by scLVI with GC-qMS  
 
TIC for W1 (Blended malt Scotch whisky, age 12) 
 
TIC for W2 (Blended malt Scotch whisky, age 18) 
 
TIC for W3 (Blended malt Scotch whisky, age 12) 
 
TIC for W4 (Blended malt Scotch whisky) 
 




Appendix 2.2 (continued) 
 
TIC for W6 (Bourbon, corn based, age 8) 
 
TIC for W7 (Tennessee whiskey, age 8) 
 
TIC for W8 
 
TIC for W9 (Malt spirits) 
 




Appendix 2.2 (continued) 
 
TIC for B1 (Cognac, VSOP) 
 
 
TIC for B2 (Cognac, XO) 
 
TIC for B3 (Cognac, VSOP) 
 
 





Appendix 2.2 (continued) 
 
TIC for V (Vodka ) 
 
 
TIC for G (Dry Gin) 
 
 







Appendix 3.1 The list of tentatively identified LVCs in Cognac samples (6 and 3 different brand of VOSP samples and XO samples 
respectively) 
Peak 





Mean RPA ± SD Mean RPA ± SD 
1 Furfural  9.865 39, 67 3.746 ± 3.756 3.968 ± 3.381 
2 2-Furanmethanol 10.115 39,81 98 0.402 ± 0.319 0.193 ± 0.103 
3 2-Hydroxypropanoic acid 10.320 45 8.847 ± 7.906 5.378 ± 5.718 
4 2-n-Propylfuran  10.395 53, 81, 110 0.437 ± 0.436  0.473 ± 0.639 
5 alpha.-Angelica lactone 10.515 43, 55, 98 0.225 ± 0.189 0.271 ± 0.319 
6 4-Cyclopentene-1,3-dione 10.845 68, 96 0.317 ± 0.314 0.290 ± 0.354 
7 3-Hydroxypropanoic acid  11.155 72, 60 0.282 ± 0.412 0.106 ± 0.142 
8 2-Acetylfuran 11.370 95, 110 0.953 ± 0.891 0.963 ± 1.265 
9 1,2-Cyclopentanedione  11.715 55, 69, 98 0.837 ± 0.686 0.709 ± 0.773 
10 Methylenesuccinic anhydride 11.865 39, 68 0.131 ± 0.147 0.123 ± 0.123 
11 beta.-Angelica lactone  11.920 55, 83, 98 0.220 ± 0.226 0.19 ± 0.193 
12 5-methyl furfural  12.455 53, 81, 110 5.947 ± 5.395 8.063 ± 10.621 
13 2,4-Dihydroxy-2,5-dimethyl-3(2H)-furan-3-one   12.810 43, 73, 101 0.462 ± 0.465 0.302 ± 0.246 
14 2H-Pyran-2,6(3H)-dione  13.190 55, 84, 112 0.219 ± 0.204 0.181 ± 0.202 
15 Corylon 13.910 69, 83, 112 0.342 ± 0.367 0.308 ± 0.422 
16 Levulinic acid  13.985 43, 56, 73 1.158 ± 1.497 0.524 ± 0.457 
17 2-Furancarboxylic acid 14.135 39, 95, 112 0.398 ± 0.502 0.116 ± 0.130 
18 2,2'-Bifuran 14.290 78, 105, 134 0.095 ± 0.071 0.124 ± 0.147 
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Appendix 3.1 (continued) 
      
Peak 





Mean RPA ± SD Mean RPA ± SD 
19 1,4-Benzenediol, 2-methyl- 15.010 95, 124 3.326 ± 1.216 4.021 ± 3.863 
20 5-(Methyl-2-furyl) methanethiol   15.405 95, 128 2.498± 2.621 2.365 ± 1.892 
21 diethyl succinate  16.475 73, 101, 128 0.193 ± 0.241 0.177 ± 0.181 
22 Octanoic Acid  16.750 60, 73 1.146 ± 0.337 1.192 ± 0.495 
23 Benzoic acid 16.915 77, 105, 122 0.016 ± 0.013 0.023± 0.021 
24 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl-  17.075 44, 101, 144 2.806 ± 2.385 2.535 ± 2.028 
25 Ethyl octanoate 17.490 88. 101 0.270 ± 0.164 0.222 ± 0.102 
26 3,5-Dihydroxy-2-methyl-4H-pyran-4-one 17.985 68, 113, 142 1.028 ± 0.759 1.313 ± 1.444 
27 5-Formyloxymethyl-2-furfural 18.655 79, 109, 126 0.450 ± 0.453 0.622 ± 0.722 
28 Furfural acetone$$B2-2$$136/94/121  18.990 94, 121, 136 0.017 ± 0.018 0.019 ± 0.024 
29 5-Hydroxymethylfurfural 19.030 69, 97, 126 50.739 ± 52.258 64.494 ± 65.292 
30  Diethyl malate  19.985 71, 89, 117 0.001 ± 0.002 0.008 ± 0.010 
31 5-Acetoxymethyl-2-furaldehyde 20.665 79, 109, 126 0.780 ± 0.756 0.771 ± 0.988 
32 4-Vinylguaiacol   21.200 107, 135, 150 0.026 ± 0.024 0.065 ± 0.064 
33 Decanoic acid  21.745 60, 73, 129 2.045 ± 1.144 1.988 ± 0.763 
34 Syringol 21.975 93, 139, 154 0.117 ± 0.118 0.243 ± 0.283 
35 Eugenol  22.195 137, 149, 164 0.005 ± 0.003 0.01 ± 0.009 
36 Ethyl decanoate  22.575 88, 101 1.263 ± 0.651 1.174 ± 0.884 
37 Vanillin  23.535 81, 151, 152 0.174 ± 0.159 0.304 ± 0.181 
38 2-Furancarboxaldehyde, 5-(2-furanylmethyl) 24.090 91, 147, 176 0.049 ± 0.046 0.0667 ± 0.069 
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Appendix 3.1 (continued) 
      
Peak 





Mean RPA ± SD Mean RPA ± SD 
39 Isoeugenol 24.630 77, 149, 164 0.019 ± 0.017 0.039 ± 0.035 
40 Acetovanillone 25.760 108,151, 166 0.018 ± 0.015 0.028 ± 0.021 
41 US 26.400 57, 60, 73 15.264 ± 16.847 17.337 ± 12.975 
42 Dodecanoic acid  26.670 73, 60, 129 0.855 ± 1.167 0.511 ± 0.296 
43 Guaiacylacetone 26.710 137, 180 0.047 ± 0.046 0.084 ± 0.073 
44 Vanillic acid  27.195 168, 153 0.019 ± 0.020 0.039 ± 0.025 
45 Ethyl dodecanoate  27.500 88, 101 1.233 ± 0.464 1.153 ± 0.574 
46 Ethyl vanillate 27.895 151, 168, 196 0.034 ± 0.027 0.076 ± 0.062 
47 UPC 28.040 123, 151 0.060 ± 0.056 0.107± 0.071 
48 IS (Methyl trdecanoate) 28.260 74, 87 1.000 ± 0.000 1.000 ± 0.000 
49 US 28.790 43, 69, 73 2.201 ± 1.921 2.663 ± 1.080 
50 Syringaldehyde 29.745 181, 182 0.352 ± 0.306 0.663 ± 0.441 
51 Tetradecanoic acid 31.280 60, 73,129 0.045 ± 0.048 0.049 ± 0.021 
52 Acetosyringone  31.325 181, 196 0.033 ± 0.026 0.064 ± 0.062 
53 Coniferyl aldehyde  31.660 107, 135, 178 0.017 ± 0.011 0.027 ± 0.009 
54 UPC 31.930 167, 210 0.046 ± 0.043 0.101 ± 0.105 
55 Ethyl tetradecanoate 31.985 88, 101 0.230 ± 0.089 0.233 ± 0.006 
56 Syringic acid  32.760 183, 198 0.007 ± 0.014 0.010 ± 0.015 
57 UPC 34.010 167, 240 0.012 ± 0.008 0.029 ± 0.026 
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Peak 





Mean RPA ± SD Mean RPA ± SD 
58 Hexadecanoic acid 35.165 60, 73, 129 0.008 ± 0.010 0.010 ± 0.007 
59 Ethyl 9-hexadecenoate 35.600 55, 88 0.020 ± 0.012 0.019± 0.008 
60 Ethyl hexadecanoate 36.070 88, 101 0.183 ± 0.101 0.213 ± 0.061 
61 Sinapinaldehyde 36.450 208 0.012 ± 0.008 0.014± 0.005 
62 5,5'-Oxydimethylenebis(2-furaldehyde)  36.845 81 3.502 ± 3.520 2.371 ± 1.291 
63 UPC 37.295 180, 252 0.002 ± 0.002 0.001 ± 0.001 
64 UPC 37.425 181, 182, 210 0.002 ± 0.002 0.003±0.002 
65 9,12-Octadecadienoic acid 38.980 55, 67, 81 0.017 ± 0.040 0.000 ± 0.000 
66 Ethyl cis,cis-9,12-octadecadienoate 39.170 55, 67 0.059 ± 0.049 0.0701 ± 0.035 
67 Ethyl (Z)-octadec-9-enoate 39.740 55, 69 0.016 ± 0.013 0.017± 0.009 
68 Ethyl octadecanoate  39.830 88, 101 0.007 ± 0.004 0.008± 0.002 
69 Propylene glycol  7.945 45, 61 NA NA 
      
 
ID: identity, UPC: unidentified phenolic compound, US: Unidentified sugar, a m/z: mass fragment used for quantitation ion represent in 
bold, the others are confirmation ion for identification, RPA: relative peak area of target analyte to IS (methyl tridecanoate, b Mean RPA all 




Appendix 3.2 TICs for representative of authentic brandies  
 
Representative TIC for Cognac VSOP, V1 
 
 
Representative TIC for Cognac VSOP, V2 
 
 
Representative TIC for Cognac VSOP, V3 
 
 





Appendix 3.2 (continued) 
 
Representative TIC for Cognac VSOP, V5 
 
 
Representative TIC for Cognac VSOP, V6 
 
 
Representative TIC for Cognac XO, X1 
 
 







Appendix 3.2 (continued) 
 
Representative TIC for Cognac XO, X3 
 
 
Representative TIC for brandy, B7 
 
 





Appendix 3.3 TICs for representative of diluted brandies 
 
Representative TIC for diluted VSOP Cognac, v1 
 
 
Representative TIC for diluted XO Cognac, x1 
 
 
Representative TIC for diluted VSOP Cognac, v2 
 
 







Appendix 3.3 (continued) 
 
Representative TIC for diluted VSOP Cognac, v3 
 
 






Appendix 3.4 TICs for representative of adulterated brandies 
 
Representative TIC for adulterated Cognac, S1 
 
 
Representative TIC for adulterated XO Cognac, O1 
 
 
Representative TIC for adulterated VSOP Cognac, S2 
 
 







Appendix 3.4 (continued) 
 
Representative TIC for adulterated VSOP Cognac, S3 
 
 





Appendix 3.5 TICs for the suspected faked brandies 
 
Representative TIC for faked VSOP Cognac, F1 
 
 
Representative TIC for faked VSOP Cognac, F2 
 
 






Appendix 4.1 TICs of the beverages analysed by fast GC-qMS 
 
A1 - Apple juice 
 
A2 - Orange juice 
 





Appendix 4.1 (continued) 
 
A4 - Red date longan tea 
 
A5 - Carrot juice 
 





Appendix 4.1 (continued) 
 
A7 - Mango mixed fruit juice   
 
A8- Milk tea 
 





Appendix 4.1 (continued) 
 
A10 - Cranberry juice 
 
A11 - Tea water chestnut and sugarcane 
 





Appendix 4.1 (continued) 
 
A13 - Strawberry flavoured milk with fresh milk 
 
A14 - Jia Jia Herbal Tea 
 





Appendix 4.1 (continued) 
 
A-16 - Apple tea 
 
A17 - Pineapple juice 
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